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Abstract 
The poly (A)-binding protein (P ABP) is an essential protein found in all eukaryotes and 
functions in mRNA metabolic and translational processes. StructuralIy, P ABP consists of 
two distinct regions. The N-terminal half contains four RNA recognition motifs that bind 
to the poly (A)-tail of mRNA, while the C-terminal segment contains a unique peptide 
binding module referred to as the P ABC domain. The function of this domain in P ABP is 
to recruit proteins containing a very specific 'PAM-2' motif to the mRNP complex. 
Unique to metazoans, a P ABC domain is also found in the hyperplastic discs tumor 
suppressor (HYD), which is an E3 ubiquitin ligase. 
This thesis completes a structural investigation of P ABC domains from various species by 
nuclear magnetic resonance spectroscopy. In particular, we report the solution structure of 
P ABC from the parasite Trypanosoma cruzi and plant Triticum aevestium P ABP. Both 
domains consist of five a-helices which fold into a structure highly comparable to the 
human PABC domain from PABP and HYD. AlI four PABCs interact with a similar 
PAM-2 sequence and show comparable peptide binding surfaces. The human PABC-
pAM-2 complex structure displays a PAM-2 peptide interacting with specific residues 
within the domain. Sequence analyses and peptide surface mapping studies show that these 
residues are highly conserved, which indicates an analogous mechanism of peptide 
recognition throughout animal, parasite, and plant species. An exception to these 
observations was found in the P ABC domain from Saccharomyces cerevisiae P ABP. 
Yeast PABC recognizes a variation of the typical PAM-2 motif but mediates its interaction 
through a similar mechanism as human P ABC. 
The P AM-2 motif encloses a signature sequence which was used to successfully identify 
new interacting partners for the P ABC domain via a bioinformatics screen. In mammalian 
systems, the identified proteins are implicated in either RNA metabolic, translational, or 
ubiquitin associated functions. This thesis concludes with a model illustrating a unique 
cross-talk between major gene expression pathways mediated by the P ABC domain and its 
binding partners. 
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Résumé 
La poly(A)-binding protein (P ABP) est une protéine essentielle dans le système eucaryote 
qui est impliquée dans le métabolisme de l'ARNm et dans les processus traductionnels. 
D'un point de vue structural, P ABP est constituée de deux régions distinctes. La partie N-
terminale contient quatre motifs de reconnaissance à!' ARN et reconnaît la queue poly(A) 
de l'ARNm. Le segment C-terminal, également nommé P ABC, est quant à lui constitué 
d'un domaine unique de liaison peptidique. Sa fonction est de recruter les protéines 
contenant un motif très spécifique, 'PAM-2', jusqu'au complexe mRNP. La seule autre 
protéine qui contient un domaine P ABC est la protéine ligase E3 de l'ubiquitine humaine, 
qui est un suppresseur tumoral des disques hyperplastiques. 
Le travail présenté ici complète une étude structurale des domaines P ABC provenant de 
diverses espèces, grâce à la spectroscopie par résonance magnétique nucléaire. En 
particulier, nous présentons la structure en solution de P ABC du parasite Trypanosoma 
cruzi et de la plante Triticum aevestium. Chacun de ces domaines est constitué de cinq 
hélices qui se replient en une structure très similaire à celle du P ABC humain de P ABP et 
HYD. Chacune de ces quatre PABC interagit avec la séquence PAM-2 et présente une 
surface d'interaction pour ce motif semblable. Le complexe humain P ABC-P AM-2 a 
permis de mettre en évidence les résidus du domaine qui interagissent spécifiquement avec 
P AM-2. Une analyse de la séquence peptidique ainsi que de la surface de liaison au 
peptide a montré que ces résidus étaient très conservés, indiquant par conséquent une 
certaine analogie au niveau du mécanisme de reconnaissance du peptide à travers les 
différentes espèces animales, parasites et des plantes. Une exception a toutefois été trouvée 
pour le domaine PABC de Saccharomyces cerevisiae. Celui-ci ne reconnaît en effet 
qu'une variation du motif P AM-2 traditionnel mais le mécanisme d'interaction est malgré 
tout similaire à celui observé pour la version humaine de P ABC. 
Par ailleurs, le motif P AM -2 a été utilisé pour identifier de nouveaux partenaires de liaison 
au domaine P ABC via une recherche bioinformatique. Chez les mammifères, les protéines 
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identifiées ont été trouvées impliquées aussi bien dans le métabolisme de l' ARN, la 
traduction ou les fonctions associées à l'ubiquitine. Cette thèse propose donc un modèle 
illustrant un nouveau 'cross-talk' entre les réseaux impliqués dans l'expression des gènes et 
contrôlés par le domaine P ABC, et ses partenaires de liaisons. 
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Chapter 1: The multifunctional poly (A)-binding protein 
1.1 Introduction to the poly (A)-binding protein (P ABP) 
P ABP is a ubiquitous and abundant protein found in aIl eukaryotes [1, 2]. It was first 
discovered in 1973 and was characterized as the major protein associated with the poly 
adenosine (poly (A)) tail of eukaryotic messenger RNAs (mRNA) [3]. There are two 
types of PABP, one of which is predominantly found in the cytoplasm (which will be 
referred to as PABP) [4] and the other in the nucleus (PABPN) [5]. PABP is an 
evolutionarily conserved protein throughout eukaryotes as demonstrated from primary 
sequence and phylogenetic analyses [6]. A typical cytoplasmic P ABP is between 600-
700 residues and consists of multiple domains. These include 4 RNA recognition motifs 
(RRMs) arranged in tandem at its N-terminus, a less conserved unstructured middle 
linker region, foIlowed by a highly conserved C-terminal segment which we refer to as 
the P ABC domain. P ABPN bears little resemblance to its cytoplasmic counterpart. It is 
a sm aIler protein containing an unstructured N-terminal section, one RRM region and no 
C-terminal P ABC domain. P ABPN was discovered through its role in mRNA biogenesis 
[7]. Over the years, a large body of research has revealed that cytoplasmic P ABP plays an 
important role in translation and more recently, in mRNA metabolism. P ABP is 
principaIly cytoplasmic; however, a smaIl fraction is also present in the nucleus 
suggesting that P ABP is functional in both compartments of the cell. 
1.2 Biogenesis ofmRNA 
In eukaryotes, DNA is transcribed to heterogeneous nuclear RNA (hnRNA) in the 
nucleus by RNA polymerase II [8]. During and after transcription, hnRNA is extensively 
modified by a variety of mRNA processing factors [9]. These modifications include the 
addition of a 7-methylguanosine cap to the 5'-site [10], splicing of the non-coding 
regions, and cleavage and polyadenylation of the 3' -end of mRNA. 5' -cap addition is the 
first step in co-transcriptional pre-mRNA processing [9]. The many functions of the 5'-
cap include: protection of mRNA 5' -end from exonucleases, pre-mRNA splicing, and 
1 
mRNA export from the nucleus [reviewed in 11]. The cap structure also plays an 
important role in translation initiation as it is the primary binding target for initiation 
factor eIF4F, which is the 5' -cap binding complex [12]. 
RNA splicing is catalyzed by a complex called the spliceosome formed from an assembly 
ofvarious ribonucleoproteins [13]. The function of the spliceosome is to remove introns 
that interrupt the protein-coding sequences in the mRNA transcript [14, 15]. During 
mRNA splicing, individual ex ons can either be retained in the mature message or targeted 
for removal. This creates a diverse array of mRNAs from a single pre-mRNA transcript. 
These alternative RNA splicing events affect the protein co ding region of mRNA and 
give rise to proteins which differ in sequence and therefore in function [16]. 
With few exceptions, the majority of mRNA synthesized in the nucleus contain a 3' poly 
(A)-tail. The poly (A)-tail serves as a stability factor for the transcript and can also 
influence P ABP mediated translation (further discussed in Section 1.5). The length of the 
poly (A)-tail increases the mRNA's lifespan, as more time is required for 3' exonuclease 
cleavage. Furthermore, P ABP protects mRNA by binding to the poly (A)-tract and 
physically limiting the access of various exonucleases. Post-transcriptional modification 
of the 3' end of pre-mRNA can be viewed as a three-step pathway involving site-specific 
cleavage, polymerization of the poly (A)-tail, and trimming of the newly synthesized tail 
to a mature length (Figure 1.1) [17]. In mammals and yeast there is a multiplex of 
factors, at least 21 polypeptides, required for the initial 3' -end cleavage. Many of these 
factors physically interact with RNA polymerase II and are essential for transcription 
termination [18-20]. The site of cleavage is determined by cis-elements located at the 3' 
end of mRNA. A hexanucleotide AAUAAA element is located upstream and a GU-rich 
element downstream of the cleavage site (Figure 1.1). The upstream and downstream 
sites are recognized by the cleavage and polyadenylation specificity factor (CPSF) and 
the cleavage and stimulation factor (CstF) respectively. These two factors interact with 
each other along with the cleavage factors (CFs) 1 and II and an unknown endonuclease 
to complete 3' mRNA processing. 
2 
RNApol1i ft 
PAP CstF 
CPSFs 
CF!III cG PAN2 fi' 
PABPN G PANS e PABP 
Figure 1.1: Schematic diagram of the proteins involved in mRNA biogenesis. After 
transcription and 5' -cap addition, the 3' -end is primed for polyadenylation by c1eavage 
and stimulation factors (CstF) and by c1eavage and poly (A)-specificity factors (CPSF). 
The poly (A)-tail is synthesized by poly (A)-polymerase (P AP) whose activity is 
stimulated by CPSF and nuc1ear PABP (PABPN in metazoans, Nab2p in yeast). Yeast 
PABP interacts with RNA15p, a component of the c1eavage factors, and is proposed to 
inhibit P AP activity as a me ans to ensure the c1eavage reaction has been completed. After 
synthesis of the poly (A)-tail to a default length, the splicosome and P ABP displace the 
polyadenylation complex. In yeast, P ABP associates with the poly (A)-nuc1ease (PAN) 
complex to trim the 3' -tail to a specifie length that is required for efficient mRNA export. 
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Following this step, poly (A)-polymerase (P AP) is the active enzyme adding poly (A)-
nucleotides to the 3' end of mRNA [21]. Intriguingly, cytoplasmic yeast P ABP interacts 
with RNA15p which is a component of cleavage factor 1 (CFI). It was proposed that the 
activity ofP AP can be inhibited by cytoplasmic P ABP/CFI [22, 23] as a means to ensure 
the 3' -cleavage reaction is complete prior to 3' poly (A)-addition. P AP can be stimulated 
by either CPSF [24] or P ABPN/yeast Nab2p [25, 26] individually or by a synergistic 
combination ofboth. Both components appear to act by tethering P AP to mRNA (Figure 
1.1). This stabilizes the mRNA-protein complex and aids PAP to switch from a 
'distributive' (i.e.: dissociation after addition of 1 nucleotide) to a continuous 
'processive' state. In the latter state, P AP can add adenosine nucleotides to a default 
length without dissociating from mRNA (up to 200-250 nucleotides in metazoans and 70-
90 in yeast) [27]. There has been evidence to show that P ABP has an important role in 
this step. Extracts from strains where the yeast P ABP gene was mutated resulted in 
hyperpolyadenylated mRNA transcripts [28]. Complementation of these extracts with 
recombinant P ABP restores the poly (A)-tail to a normal length [28, 29]. One model 
proposes that as the poly (A)-tail polymerizes, P ABP coats the tail and participates in 
displacing PABPN. The effect would disrupt the PAP-CPSF-PABPN complex, negate 
P AP activity, and prevent hyperpolyadenylation [30]. Comparable models exist for 
mammalian systems; however, the proteins involved and the precise mechanisms of their 
functions remain to be elucidated. Note that P AP and CPSF are also cytoplasmic 
proteins and are involved in polyadenylating transcripts with short 3' -tails in the 
cytoplasm [31]. Since P ABPN is not in the cytoplasm, regulation of P AP activity is most 
likely accompli shed via different, undisclosed mechanisms. 
Further evidence implicate P ABP in a more direct role in poly (A)-length control through 
its association with poly (A)-nuclease (PAN). PAN is one of three principal 
deadenylation factors and is unique in that its association with P ABP results in increased 
nuclease activity [32, 33]. After synthesis of the poly (A)-tail to their default size they 
are subsequently trimmed by PAN to smaller lengths in both yeast [34] and metazoans 
[35]. The length of the poly (A)-tail is implicated to play an important role in mRNA 
export. For instance, hyper-polyadenylated mRNAs are retained in the nucleus and 
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eventually tumed over by the exosome [36, 37]. When polyadenylation is inhibited or 
when mRNA lacks a functional signal due to inactivity of various catalytic factors, these 
transcripts are generally retained in the nucleus in both yeast and mammals [38-40]. 
Since failure to polyadenylate mRNA would deprive the transcript of bound P ABP, 
nuclear retenti on of mRNA could indicate an essential role for P ABPs in mRNA export. 
The precise mechanism of the coupling between PABP, PAN, poly (A)-taillength, and 
mRNA export is unknown. PAN is also characterized as a cytoplasmic enzyme in both 
yeast and metazoans and is involved in the in the mRNA decay pathway (further 
discussed in Section 1.4) [32]. A major difference between yeast and metazoans is that 
yeast PAN has both nuclear and cytoplasmic functions. In metazoans, PAN has only 
been identified in the cytoplasm. 
1.3 Quality control and mRNA export 
Even though PABP is essential in yeast [41], deletion of several yeast genes can suppress 
its lethality. One would expect that in absence of P ABP, transcripts would be degraded 
since one of its major roles is to protect mRNA from 3' -exonucleases. Instead yeast 
P ABP mutant strains show an accumulation of mRNA near transcription sites. 
Remarkably, it is the exosome which initially protects the transcript. It was proposed that 
the exosome actively retains synthesized mRNA and then degrades improperly processed 
or non-transported mRNA [42, 43]. How the exosome determines if mRNA is 
incorrectly processed or how it prevents their export is not entire1y clear. Accumulation 
of mRNA does not occur at transcription sites in strains without Rrp6, a key subunit of 
the exosome and a bypass suppressor of yeast P ABP deletion strains. Since Rrp6 is 
necessary for mRNA retention at the transcription site, it is thought to be mechanistically 
linked to factors in mRNA transport [36]. Similar to yeast PABP mutants, PAN deletion 
strains also show accumulation of mRNA near transcription sites [44]. Overall, it is 
suggested that loading of P ABP onto mRNA and trimming of the poly (A)-tail by PAN to 
an appropriate length overcomes the retenti on function of the nuclear exosome and 
contributes to the release of mRNAs from their sites of transcription [44]. This 
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observation suggests that yeast P ABP is also part of the quality control machinery that 
monitors accurate rnRNA assembly or export competence [42, 45, 46]. 
The localization of P ABP is dynamic as it can shuttle between the nucleus and cytoplasm 
in metazoans and yeast [47, 48]. Yeast PABP can interact with specific nucleoporins, 
suggesting a direct involvement in transport [49]. The import of yeast P ABP to the 
nucleus is dependent on the importin-p-family member Kapl08/Sxml[44]. Overall, there 
are two distinct pathways by which yP ABP can exit the nucleus. One is dependent on the 
export cargo factor XpollCrml and the other through the Mex67-mRNA pathway. The 
export of yPABP mediated by XpollCrmldoes not require PABP association with 
mRNA [44, 50]. The major export factor for rnRNA are the Mex67-Mtr2 heterodimer in 
yeast and the equivalent TAP-pI5 complex in metazoan [51, 52]. PABP is thought to 
serve as an adaptor by binding to mRNA and the export factor to exit the nucleus. It is 
unclear if P ABP can directly bind to Mex67 /T AP or if other protein intermediates may be 
involved. Inhibition of either the Xpo 1 or Mex67 pathway leads to accumulation of 
yP ABP and subsequently, an excess of mRNA within the nucleus. 
1.4 rnRNA turnover 
Poly (A)-length control affects gene expression with regards to stability, export, and 
translation ofrnRNA. In addition, the exonucleolytic shortening of the poly (A)-tail is an 
obligate and rate-limiting step in two of three general mechanisms in the mRNA decay 
pathway (Figure 1.2). Furthermore, several lines of evidence suggest that P ABP can 
influence two of these pathways. The first pathway requires the poly (A)-tail to be 
reduced to ~100 nucleotides, which is followed by hydrolysis of the 7-methyl guano sine 
cap by the decapping complex Dcp lIDcp2. Subsequently, the digestion of the remaining 
RNA bya 5'-3' exonuclease, such as Xrnlp, occurs [53]. Alternatively, in the second 
pathway, after deadenylation, mRNA is degraded from 3'-5' mediated by the multi-
subunit cytoplasmic exosome which is a complex of diverse 3'-5' exonucleases [54, 55]. 
The precise order of the steps following initial poly (A)-shortening is not totally clear as 
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Figure 1.2: A model of mRNA turnover pathways. Poly (A)-nuclease (PAN) is 
stimulated by P ABP and potentially initiates the deadenylation of mRNA. As the poly 
(A)-tail shortens; P ABP's affinity weakens leading to overall instability of the mRNP 
complex. Three different outcomes can occur for the transcript. (1) The transcript 
proceeds to the deadenylation dependant decapping pathway where the 5' -cap is 
hydrolyzed by decapping enzymes Dcpl/Dcp2 in conjunction with the LsmlPat complex. 
Here, the 3'-end is further degraded by the Ccr4/CafINot complex. (A) Once the 5'-cap 
is removed degradation is completed by the 5'-3' exoribonuclease. (B) The transcript 
may also be simultaneously degraded by the 3' -5' exosome. (2) mRNA can be degraded 
from the 3' -end by the multi-subunit exosome. (3) The third pathway is not initiated by 
poly (A)-trimming but by endonucleolytic cleavages that target mRNA fragments for the 
principal exonucleolytic pathways. 
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the RNA decay reaction is fast and without detectable intennediates. Nevertheless, the 
enzymes involved in mRNA decay are conserved from yeast to mammals indicating that 
the general pathways should also conserved [56, 57]. The final pathway is not initiated 
by poly (A)-shortening but by endonucleolytic cleavage that promotes mRNA to be 
processed by the exonucleolytic pathways [58]. 
P ABP plays an ambivalent role in this process. The seemingly intrinsic property of 
P ABP would be to protect the 3' -tail from the deadenylation reaction which is required in 
two of the aforementioned pathways [59, 60]. However, as described above, steady-state 
poly (A)-tail length is increased in yeast P ABP mutant strains suggesting that P ABP is 
required for its shortening. Furthennore, PAN mutant strains also result in an increase in 
steady-state poly (A)-tail length. Nevertheless, deadenylation can still occur in the 
cytoplasm within both of these strains. The principal deadenylating enzyme in S. 
cerevisiae and mammals was identified as the Ccr4/Caf/Not complex. In addition, 
defauIt deadenylation can also be catalyzed by the mammalian enzyme poly (A)-specific 
ribonuclease (P ARN). A key difference between the three deadenylating enzymes is that 
PAN is the onlyone stimulated [61, 62] where both PARN and Ccr4/Caf/Not are directly 
inhibited by PABP [60, 63, 64]. PAN preferentially degrades poly (A)-RNA in the 
presence ofPABP and its activity is not affected by the 5'-cap on mRNA [32, 33]. Even 
though P ABP protects the transcript at various steps, its association with PAN is a critical 
step not only for mRNA export but also potentially necessary to initiate mRNA decay. A 
major distinction between yeast and higher eukaryotes is that PAN is only found in the 
cytoplasm of higher eukaryotes. This suggests that the conserved role for PAN in the 
cytoplasm is to initiate mRNA decay through P ABP. 
Another proposed role for P ABP in mRNA decay is to prevent decapping of the 5' -cap 
[65]. The simplest explanation is PABP's association with the cap binding complex 
eIF4F (discussed further Section 1.5), which would physically limit the access of any 
decapping enzymes. However, in vitro, P ABP can inhibit the decapping step in the 
absence of detectable eIF4G binding [65]. In yeast [66] and humans [67], the cap 
structure is hydrolyzed by Dcp2, along with various proteins including Dcp 1 and the 
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Lsm 1 p-7p complex. The latter complex associates with the 3' -end and is believed to 
form a doughnut shaped structure around rnRNA to interact with Dcp 1/2 and initiate 
decapping [68]. Thus, a second possibility is that P ABP sterically prevents this 
association at the 3' -end. This mechanism would work independently of an association 
between PABP and the S'-initiation complex. Overall, the role for the deadenylating 
enzymes is to trim the poly (A)-tail which would eliminate the binding sites for PABP. 
This would allow the exonucleases to access the transcript. Altematively, this weakens 
eIF4F affinity for the S'-cap and thus exposes the cap to the decapping enzymes and 
allows subsequent progression into the decay pathway. 
1.5 Translation 
P ABP is a fundamental protein having multiple distinct, but related, functions in 
translation. Exogenous P ABP stimulates the translation of 5' -capped/poly-(A) rnRNA 
[69]. Messenger RNA possessing both S'-cap and 3' poly (A)-tails are more efficiently 
translated than rnRNAs possessing only one of the structures. This enhancement implies 
that each structure plays an important role in stimulating translation [70]. These findings, 
among others led to the 'closed-Ioop' model for mRNA, which has been proposed several 
times in the last 20 years. The idea for the model came from the association of P ABP 
and eIF4G, which was observed in multiple species [71-73]. The PABP interaction 
surface for eIF4G maps to its N-terminal region and is conserved in yeast [72], plants 
[71] and animaIs [73, 74]. eIF4G, along with the mRNA he1icase eIF4A and eIF4E, 
build the S'-cap binding complex eIF4F. The sum of their interaction results in the 
circularization of mRNA (Figure 1.3). The circular structure was confirmed by atomic 
force microscopy experiments with recombinant yeast eIF4G, eIF4E and P ABP mixed 
with S-cap/3'-poly adenylated mRNA [75]. The absence of any these components 
prevented circularization of mRNA and lowered translational activity [70, 75, 76]. In 
essence, circularization of mRNA brings the 5' - and 3' termini closer thus stimulating 
translation by promoting the re-initiation of ribosomes on the same mRNA [77, 78]. 
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Figure 1.3: The role of P ABP in poly (A)-dependent translation. P ABP binds to the poly 
(A)-tail ofmRNA and interacts with eIF4G. eIF4E is the S'-cap binding factor and eIF4A 
is a helicase which unwinds the secondary structure in the 5'-UTR ofmRNA. Both, along 
with eIF4G, build the cap-binding complex eIF4F. The interaction between PABP and 
eIF4F synergistically enhance their affinity for each other and their substrates and induces 
the formation of the c1osed-Ioop mRNA structure. This prevents 5'- decapping and 3' 
endonuc1ease c1eavage, stabilizes the mRNP complex, and promotes ribosomal assembly 
through eIF3 interaction with eIF4G. The function of the PABC domain on P ABP is to 
recruit proteins such as Paip 1, Paip2, and eRF3 to the mRNP comp1ex. 
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Eukaryotic initiation factor 4B, which is required for ribosomai binding, aiso interacts 
with P ABP, increasing its affinity for mRNA, and stimulating the helicase activity of 
eIF4-A [79-81]. More recent work suggests that PABP shou1d be considered an initiation 
factor since its association with defined initiation factors synergistically stabilizes the 
mRNP complex enhancing both the 40S [72,82] and 60S subunitjoining [83]. 
1.6 P ABP interacting factors that modulate translation 
1.6.1 Eukaryotic Re1ease Factor 3 (eRF3) 
Release Factor 3 (eRF3) also assists in enhancing translation through modifying the close 
loop mRNA structure. In eukaryotes translation termination and polypeptide release 
from the ribosome requires re1ease factor 1 (eRF1) and the GTPase eRF3. eRF1, which 
recognizes all three stop codons, forms a complex with eRF3 which is necessary for 
ribosome binding [84, 85]. eRF3 is essential for the GTP-dependent release of the 
polypeptide from the ribosome [85, 86]. The C-terminal domain of P ABP interacts with 
the N-terminal domain of eRF3 in both animaIs and yeast (Figure 1.3) [87-89]. Inhibition 
of the interaction between C-termini P ABP and eRF3 can reduce translational efficiency 
[90]. A model was proposed where simultaneous association ofPABP-eIF4G and eRF3-
eRF1 results in the looping out of the 3'-UTR region (Figure 1.4). This, in effect, brings 
the termination codon into closer proximity with the initiation complex, further easing 
ribosomal recycling on the same transcript [90]. Alternatively, there are suggestions that 
eRF3 may link translation to mRNA decay, as eRF3 appears to interfere with PABP's 
ability to multimerize on the 3'-tail [89, 91, 92]. This is proposed to lead to PABP 
dissociation, mRNA deadenylation, and eventual mRNA turnover. 
1.6.2 Paip1 
In metazoans, PABP function can be regulated by two 'PABP interacting proteins' Paip1 
and Paip2 [93, 94]. Paip 1 is an enhancer of translation displaying high affinity binding 
to P ABP in al: 1 stoichiometry [95, 96]. Paip 1 shares homology with the central region 
of eIF4G, however it interacts with P ABP in a different manner. Two distinct regions 
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Figure 1.4: Role ofPABC interacting proteins in translation. Paip1 and 2 contain two 
sites which contact PABP, called PABP interacting motif 1 and 2 (PAM-1 and -2). 
PAM-1 interacts with the RRM region while PAM-2 binds specifically to PABC. Paip1 
also binds with eIF4A and P ABP to stabilize the mRNP complex. eRF3 interacts with 
eRF1 and P ABC which loops out the 3' -UTR bringing the 5' and 3' termini into closer 
proximity. Both occurrences stimulate translation, Paip2 competes for P ABP binding to 
eIF4G, Paipl, and rnRNA which destabilizes the complex and downregulates translation. 
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form contacts with PABP [95]. The first region, PAM-1 (PABP interacting motif 1) is a 
stretch of acidic residues that bind the first two RRMs of P ABP. The second region, 
P AM-2, interacts specifically with the C-terminal region of PABP (Figure 1.3). The 
central, eIF4G-like region, of Paip1 is an eIF4A binding site [93]. As Paip1 interacts 
with both eIF4A and PABP, it is suggested to stimulate translation by stabilizing the 
interactions between the mRNA 5' and 3' ends (Figure 1.4). Paip1 is also implicated in 
mediating the c1osed-Ioop structure in a PABP independent manner. For the case of 
mRNA without a poly (A)-tail, Paip1 can interact with the stem-Ioop binding protein 
(SLBP). SLBP binds to the 3' -untranslated region (UTR) of mRNA and also interacts 
with 5'-cap through eIF4E. Simultaneous binding of eIF4E and SLBP, which is 
stabilized by Paip1, was suggested to mediate the formation of an alternative end-to-end 
complex [97]. Finally, Paip 1 is also implicated to inhibit rnRNA turnover as it is found 
in a protein complex that stabilizes the c-fos proto-oncogene mRNA by binding to the 
major protein-coding-region determinant of instability (mCRD) [98]. As the protein 
complex is disrupted by other factors, the mRNA decay pathway can be initiated. 
1.6.3 Paip2 
In contrast to Paip 1, Paip2 inhibits P ABP dependent translation [99]. Paip2 contacts 
P ABP in a similar manner to Paip 1 but binds with a 2: 1 stoichiometry. Like Paip 1, Paip2 
contains an acidic PAM-1 region but it appears to contact RRMs 2 and 3. The PAM-2 
region of Paip2 interacts with the C-terminus of PABP (Figure 1.3) [100]. Paip2 can 
compete with Paip 1 for P ABP binding and also prevents the interaction of P ABP with the 
poly (A)-tail [94]. Both the PAM-1 and PAM-2 regions are necessary for Paip2 function 
as de1etion mutants of either do not inhibit the PABP poly (A)-interaction [101]. In 
addition, the binding sites for Paip2 and eIF4G on P ABP overlap indicating that Paip2 
also competes with eIF4G. A model is proposed whereby Paip2 prevents the association 
ofPABP to eIF4G, Paip1, and poly (A)-mRNA, thereby disrupting the circularization of 
mRNA and downregulating translation (Figure 1.4). Paip2 displacement ofPABP would 
expose the poly (A)-tail to deadenylases which is suggestive of its function in mRNA 
turnover. However, other evidence proposes Paip2 involvement in stabilizing mRNA. 
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Paip2 interacts with HuR, an AU-rich mRNA binding protein, which together stabilize 
mRNA for hormones involved in angiogenesis [102]. Finally, Paip2 is also implicated as 
an effector of cell growth as its over-expression slightly reduces cell growth in 
Drosophila tissues [103]. 
1.6.4 P ABP interacting motif-2 
As described in all three cases above, eRF3, Paip1, and Paip2 all make contact with the 
C-terminal region ofPABP. Primary sequence analysis of the regions [95, 100] ofPaip1 
and 2 required for C-terminal P ABP interaction reveal a site of sequence conservation 
(Figure 1.5). This 12 residue site was defined as the P AM-2 motif. A similar sequence is 
also found on eRF3 and was conc1uded to be the required site for binding P ABC [89]. 
1. 7 Structural architecture of P ABP 
1.7.1 RNA recognition motifs (RRMs) 
RRMs are one of the most common and well conserved domains. They are found in over 
500 different human genes [104]. A variety of RRM structures have been determined, 
inc1uding the structures of the first two RRM regions from human P ABP in the free and 
RNA bound form [105]. As is typical of all RRMs, the PABP RRMs are globular 
domains with each subunit consisting of four-stranded anti-parallel p-sheets backed by 
two a-helices. The electron density map of the human P ABP oligo (A)-complex 
identifies 8 adenylate nuc1eotides extending through a groove lined by the p-sheets. The 
central two beta-strands of each RRM inc1ude two highly conserved sequence motifs, 
RNP1 and RNP2, which contact RNA. The specificity of poly (A)-recognition is 
mediated through a combination of Van Der Waals forces, hydrogen bonds, and stacking 
interactions between RNA and the conserved RNP regions. 
Although each RRM in P ABP is capable of binding RNA, they are not functionally 
equivalent as they have different binding affinities for poly-(A) [106]. RRMs 1 and 2 
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Figure 1.5: Identification of conserved PABC interacting sequence CP AM-2). (A) 
Schematic diagram ofhuman Paip-l, Paip2 and eRF3. In blue is the PAMl site which 
interacts with the RRM region of PABP. Paipl also contains a 200 residue sequence 
highly similar to a region in IF4G. This region is a HEAT domain consisting of a-helices 
and is the site for IF4A binding. Eukaryotic release factor 3 (eRF3) contains only a 
P AM-2 site (in red) and also a catalytic GTPase domain similar to Elongation Factor l-A. 
The GTPase activity is required for releasing the polypeptide from the ribosome. (B) 
PAM-2 sequences from eRF3, Paipl and Paip2 in human, mouse, and frog. NCBI 
accession numbers are shown to the left and total number of residues at right. Colored 
residues show the conserved P AM-2 sequence. 
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confer the highest affinity for the poly (A)-tail [107, 108] while RRM 3-4 display 10 fold 
lower affinity [109]. Instead, the RRMs 3 and 4 regions have shown to have greater 
affinity for AU-rich sequences within mRNA [109]. 
The RRM region interacts with proteins via the a-helical face away from the RNA 
binding surface. The crystal structure of RRM 2 identifies a phylogenetically conserved 
surface made up of hydrophobic and acidic residues that interact with partners such as 
Paip1, Paip2 and eIF4G. Mutations in RRM2 in both yeast and mammals eliminate its 
interaction with eIF4G [69]. The PAM-1 region in both Paip1 and Paip2 interacts with 
RRMs 2 and 3 of PABP [99, 100]. In addition, RRMs, the far N-terminus, and the 
regions linking each RRM, also contain motifs that are recognized by proteins. For 
instance, a leucine-ri ch nuc1ear export signal (NES) is found N-terminal to RRM1 of 
P ABP. It is through the NES signal that yeast P ABP directly binds to export factor 
XpollCrml (as discussed in Section 1.3). The import of Pabp1 is mediated by the a-
importin factor SxmllKap108 and this binds to PABP through a nuc1ear localization 
signaljust preceding RRM4 [44, 50]. 
1.7.2 Sequence conservation ofPABC domains 
Sequences of the C-terminal regions of P ABP from various species were obtained from a 
PSI-BLAST [110, 111] search of the NCBI non-redundant database (Figure 1.6). The 
human C-terminal region (NCBI P11940, residues 497-636) was used as the query. 
Secondary structure prediction software (EXP ASY) indicates a ~65-75 residue a-helical 
c1uster located from residues 544-636 of human P ABP. This region is phylogenetically 
conserved as illustrated by a sequence identity of no less than 40% in interspecies 
comparison. These unique sequences were analyzed by DIALIGN [112] and ClustalW 
[113] to generate an alignment and neighbor joining (NJ) phylogenetic tree of PABC 
domains (Figure 1.7). From the variations in their primary sequence, three subfamilies 
can be distinguished in a phylogenetic tree. The first group encompasses P ABCs of 
animal origin with a pair-wise identity of 80% or greater. 
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Figure 1.6: Primary sequence alignment of P ABC domains from various species. Representative sequences are taken from 
vertebrate, fungi, trypanosome parasites, and plant species. A histogram indicating degree of sequence conservation is 
located at the bottom of the alignment. Segments in dashed-box represent regions with highest sequence variation. Above 
the alignment, the arrows indicate the region which is predicted to have a-helical secondary structure. 
A second branch consists ofthat from mainlyplant origin; however, PABC domains from 
Trypanosomatid parasites are also present (discussed further in Chapter 2). The third, 
and most divergent, group contains P ABC domains from the hyperplastic discs family of 
E3 ligase proteins and Leishmania major, Saccharomyces cerevisiae and Saccharomyces 
pombePABP. 
1.7.3 Structures of the C-terminal region ofhPABP and the PABC domain from HYD 
The solution structure of the C-terminal quarter of human P ABP (NCBI P 11940, residues 
498-636) was solved in our laboratory by NMR spectroscopy [114]. The structured 
segment, residues 544-636, displays a unique fold consisting of five a-helices arranged in 
an arrow-head like shape (Figure 1.8A). The X-ray crystal structure of a P ABC domain 
from the human hyperplastic discs tumor suppressor gene (HYD) (Figure 1.8C) was 
determined simultaneously by another group [115]. Both structures are highly similar, 
however the PABC domain from HYD lacks an extra N-terminal a-helix. The last four 
helices of P ABC and HYD differ only by RMSD of 1.2 A. HYD is an E3 HECT 
ubiquitin ligase proposed to play a role in ubiquitination, development and cell cycle 
control [116]. HYD, found exclusively in vertebrates, is the only other protein containing 
a P ABC domain. AlI other species contain a P ABC domain only within P ABP. 
NMR 15N_1H HSQC titration experiments were carried out on hPABC using a chemically 
synthesized peptide corresponding to the PAM-2 motif from Paip2. Based on these 
results, the peptide binding site was mapped on the hP ABC structure (Figure 1.8B). The 
residues which participate in peptide binding reside on helices a2, a3, and aS ofhP ABC. 
Importantly, there is a strong correlation between these residues and those most 
conserved in P ABC domains from different species (Figure 1.6). 
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Figure 1.7: Phylogenetic tree ofPABC domains from PABP and HYD. Unrooted tree of 
40 P ABC domains from different species illustrating three main groupings: (A) vertebrate 
(B) a divergent c1ass inc1uding the P ABC domains from HYD, yeast, and Leishmania and 
(C) plant, inc1uding P ABP from Trypanosome. Proteins investigated in this study 
inc1ude the P ABC domains from human, yeast, trypanasome, and wheat. 
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Figure 1.8: Ribbon representation of the structure of P ABC domains. (A) Solution 
structure of human P ABC from poly (A)-binding protein (Protein Data Bank (PDB) 
accession number 1 G9L). (B) Peptide binding surface of hP ABC with P AM2 peptide 
derived from Paip-2. Highlighted in red are chemical shifts of residues with largest 
changes upon peptide binding. (C) Crystal structure of P ABC domain from the human 
hyperplastic discs tumor suppressor gene (PDB 1I2T). (D) Solution structure of P ABC 
from S. cerevisiae P ABP (PDB lIFW). The N-terminus is shown in blue through C-
terminus in red. 
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1. 7.4 Solution structure of P ABC from S. cerevisiae poly (A)-binding protein 1 
The C-terminal structure from yeast PABP (NCBI: AAA34838, residues 491-577) was 
determined by NMR spectroscopy [117]. The folded domain inc1udes 65 residues (502-
567) and is composed of 4 a-helices (denoted a2-a5 with respect to alignment of helices 
from hP ABC). This domain has 40% and 57% sequence identity with P ABC from 
hP ABP and HYD respectively. Overall, the yP ABC structure is comparable to both 
domains but contains sorne unique features. Similar to HYD, yP ABC does not inc1ude 
the first N-terminal a-helix. In comparison to the human P ABC structures, the most 
unusual structural feature in yP ABC is a strong bend in the last a-helix. This helix shows 
a roughly 500 degree bend and terminates anti-parallel with a-helix 3 (Figure 1.8D). 
PAM-2 peptides from hum an Paip1, Paip2 and eRF3 were tested for binding to yPABC 
by NMR. Only Paip2 and RF3 interacted with yP ABC while Paip 1 did not. From the 
NMR titration experiments the estimated I«I for Paip2 and eRF3 with yP ABC were 
~lmM. These affinities were 3-4 orders of magnitude higher than the affinities measured 
for hPABP and PAM2 peptides. The PAM-2 sequence from Paip2 and RF3 were used to 
search the S. cerevisiae sequence database for potential yP ABC binding partners. 
Peptides with putative P AM-2 sites were synthesized from proteins known to interact 
with yeast PABP inc1uding: poly (A)-nuc1ease (Pan1p) [118], PABP interacting protein 1 
(Pbp1p) [119] and Sup35/eRF3 [92]. None ofthese peptides were found to interact with 
yP ABC indicating that the P ABC binding site in yeast is different from the metazoan 
P AM-2 sequence. 
1 Guennadi Kozlov, Nadeem Siddiqui, Stephane Coillet-Matillion, Jean-Francois Trempe, Irena Ekiel, Tara 
Sprules and Kalle Gehring, J Biol Chem 2002, 277(25):22822-22828, 
Dr. G. Kozlov, Dr. I. Ekiel and T. Sprules completed the NMR analysis. 1 generated the construct, purifie d, 
and characterized yP ABC. In addition, 1 carried out NMR titration experiments on yP ABC by NMR. S.c. 
Matillion completed the bioinformatic analyses. J.-F. Trempe performed the residual dipolar coupling 
experiment. 
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Rationale and Thesis objectives 
Our laboratory has used a structure-function approach to define the role of the C-terminal 
region of P ABP (P ABC) in human and yeast. As discussed in section 1.7, P ABC 
domains faB into three main groups. The solution structures of P ABC from P ABP in the 
vertebrate (human) and divergent group (yeast) were determined by NMR spectroscopy. 
Ruman PABC binds to a specifie and conserved PAM-2 peptide motif. In comparison, 
the smaB variations in the primary sequence of yeast P ABC resulted in slight structural 
differences. Consequently, yeast PABC has a lower affinity for the PAM-2 motifwhich 
implies that different sequence specificity exists in yeast. The principal objective of this 
thesis is to complete the structural characterization of P ABC in P ABP from the vegetal 
subgroup (Trypanosoma cruzi and Triticum aevestium). In addition, our goal is to 
determine the sequence specificity of each P ABC domain and to identify new binding 
partners to provide further insight into the function ofPABP. 
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Chapter 2 
Solution structure of the C-terminal do main from poly (A)-binding 
protein in Trypanosoma cruzi 
Nadeem Siddiqui, Guennadi Kozlov, Ivan D'Orso, Jean-Francois Trempe, and Kalle 
Gehring. Protein Science 2003, 12(9): 1925-33. 
The work presented in this chapter is my own with the following exceptions. Dr. G. 
Kozlov acquired the first NMR spectra for T. cruzi and assisted me in obtaining and 
analyzing the multi-dimensional NMR experiments. 1. D'Orso, a Ph.D. student from the 
University of Argentina, provided the original T. cruzi P ABC clone. J.-F. Trempe 
performed the NMR residual dipolar coupling experiments. The data from this 
experiment was used to refine the structure of T. cruzi P ABC. This chapter is a modified 
version of the published manuscript. Additional text is included in the discussion section, 
Figures 2.1 and 2.7, and a supplementary section was integrated into this chapter. 
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2.1 Abstract 
Here we present the solution structure of the P ABC domain from Trypanosoma cruzi 
poly (A)-binding protein (TcP ABC). TcP ABC is similar to human P ABC (hP ABC) 
consisting of five a-helices, in contrast to the four a-helices observed in P ABC from 
yeast P ABP (yP ABC) and hyperplastic discs proteins (hHYD). However, a unique 
feature is that a mobile N-terminal helix is observed in TcP ABC that does not pack 
against the core of the protein as observed in hP ABC. Characteristic to an P ABC 
domains, the last four a-helices of TcP ABC fold into a right-handed super coil. TcP ABC 
demonstrates high affinity binding to the human P ABP interaeting motif-2 (P AM-2) and 
reveal a peptide-binding surface homologous to that of hP ABC. Our results demonstrate 
the last four heliees in TeP ABC are suffieient for peptide binding and we prediet a 
similar recognition meehanism in P ABC domains from different speeies. Furthermore, 
these results point to the presence ofPAM-2 site containing proteins in Trypanosomes. 
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2.2 Preface 
The 'vegetal' class of P ABCs contains predominantly plant species, although a branch 
that includes trypanosomes, a protozoan microorganism from the order Kinetoplastida, is 
also present. This is not entirely unexpected since trypanosomes contain several genes 
encoding homologues of pro teins found in either chloroplasts or the cytosol of plants and 
algae. There is molecular evidence suggesting that trypanosomatids acquired a plastid by 
endosymbiosis before their divergence and that their lineage lost the organelle but 
retained sorne of the genes [120]. Trypanosomes are widespread and known to cause 
disease and infection in millions of hum ans and other animaIs. For example, 
Trypanosoma cruzi is thè causative agent for Chagas' disease or American 
trypanosomiasis, an endemic illness in Latin American countries [121]. Depending on 
the host, carrier insect, or infected organism the parasite has a life cycle with different 
developmental stages. For instance, in insects two forms are present: replicative 
epimastigotes and metacyclic trypomastigotes. The latter form is infective when released 
on the skin or mucous membrane. In humans, metacyclic trypomastigotes invade the 
host cell and eventually differentiate into a bloodstream trypomastigotes which can 
invade a variety of cells and consequently propagate the infection. 
In contrast to higher eukaryotic cells, gene expression in trypanosomes is unique where 
transcription initiation is not the major point of control. Instead, regulation occurs via 
post-transcriptional mechanisms including trans-splicing coupled with polyadenylation 
[122] and modification of the half-life of mRNA [123]. It is suggested that such a 
system is imperative for parasite survival since during transmission, several proteins 
require tight regulation to allow for quick and efficient adaptation to sudden changes in 
the environment. This is accomplished by controlling mRNA half-life and translation, 
rather than transcriptional activation. For example, uridine-ri ch binding protein-l 
(TcUBP-l) is a unique trans-acting factor in trypanosomes that binds to 3' -untranslated 
or cis-elements and influences the stability of matured mRNA (Figure 2.1) [124]. 
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Figure 2.1: Gene regulation at the post-transcriptionallevel in Trypanosoma cruzi. This 
model illustrates the interaction between uridine-ri ch binding proteins 1 and 2 (TcUBPl 
and 2) with TcP ABP on mRNA during parasite development. During the epimastigote 
stage, TcUBP-l and TcUBP-2 from a complex with TcPABP within the 3'-UTR AU-rich 
element which leads to stabilizing the mRNA transcript. In the trypomastigote stage, 
TcUBP-2 is not expressed allowing TcUBP-l to sequester TcP ABP and inhibit its 
function of protecting mRNA from degradation by ribonuc1eases. 
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Depending on the development stage of the parasite, TcUBP-l can inhibit the poly (A)-
binding protein (TcP ABP) from binding mRNA and consequently contributes to 
destabilizing and regulation of mRNA turnover [124, 125]. TcPABP in this organism is 
constitutively expressed in aIl stages of the parasite's life cycle and was suggested to 
interact with TcUBP-l via its C-terminal region [125]. 
2.3 Results 
2.3.1 Secondary structure determination 
The C-terminal domain ofPABPI from Trypanosoma cruzi, residues 1-85 (see materials 
and methods), was prepared as an isotopically labeled recombinant protein for structural 
studies by NMR spectroscopy. The secondary structural composition of TcP ABC was 
determined by analysis of chemical shift values for Ca, C~, Ha atoms from HNCACB, 
CBCACONH experiments and 3JHNHa coupling constants obtained from the HNHA 
experiment [126, 127] (Figure 2.2). In the case of Ha or C~ shifts, a negative value from 
the difference between measured chemical shifts and random coil values indicates the 
presence of a-helical structure while positive deviations are attributed to p-sheets. The 
contrary ho Ids for Ca deviations. In the case for 3JHNHa couplings, values less than 6 Hz 
indicate a-helical content while values greater than 8 Hz p-sheets. Based on these 
standards, the consensus (Figure 2.2) indicates 5 a-helices located within residues Lll-
LI5, LI8-V36, A42-L50, M53-L59, and D63-L79. Similar to aIl PABC domains, 
TcP ABC has only a-helical conformations (Figure 2.3A). 
2.3.2 Solution structure of TcPABC and analysis ofresidual dipolar couplings 
The 3D structure of TcP ABC was calculated using standard molecular dynamics 
protocols as described in materials and methods. Figures 2.4B and 2.4 C illustrate the 
distribution of NOEs and the resulting backbone RMSD as a function of sequence 
position. The backbone RMSD is approximately inversely proportional to the number of 
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Figure 2.2: JHN-Ha coupling and chemical shift analysis for secondary structure 
determination in TcPABC (residues 1-85). (A) JHN-Ha coupling values for residues <6 Hz 
(.) and >8 Hz (0). Chemical shift deviations from random coil values for (B) Ca, (C) 
Cp, and (D) Ha atoms are shown as a function of residue number. Consensus of the 
results indicates that TcP ABC contains 5 a-helices represented above the graphs as black 
cylinders. 
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Figure 2.3: Sequence alignment ofPABC domains and potentialligands. (A) Sequence 
alignment of TcP ABC with P ABCs from the vegetal c1ass and with hP ABC, yP ABC and 
hHYD. The 5 (X-helices are represented above the sequences as cylinders. The first (X-
helix, shown in grey, is present in both human and trypanosome P ABC. (B) Sequence 
comparison of human RF3 PAM-2 motif and putative RNA binding proteins derived 
from A. thaliana (BAB02607), B. napus (AAF00075), 0. sativa (AAK50577) that 
contain a PAM-2 site (NCBI accession numbers are in parentheses). Highlighted is the 
PAM-2 consensus sequence derived from human PABC binding proteins. The figure was 
created using BOXSHADE (EMBnet). Identical amino acids are highlighted in black and 
homologous residues in grey. 
29 
NOEs for each residue. Long range NOEs could not be identified for residues Q9-K24 
and M53-158, which cover helices al, the N-terminal of a2 and helix a4. 
This is reflected by high RMSD values within these regions (Fig. 2.4C). A set of 77 IH_ 
ISN residual dipolar couplings (RDCs) were measured on ISN labeled TcPABC in Pfl 
phage and added to our calculations for further refinement. Inc1uding RDCs for helix al 
did not lead to any meaningful orientation within the structure, verifying that RDCs 
cannot be used for mobile regions [128]. Thus, RDCs were only used for regions with 
heteronuc1ear NOE values above 0.55. Hence, for our final round of calculations 55 IH_ 
ISN RDCs for residues N17-R81 (helices a2-a5) were applied. RDC values were not 
obtained for prolines (P20, P40, P65) or amides with significant overlap (158, L61, T64, 
D69) on the IH_1SN HSQC spectra. The same data set without RDCs leads to a distinctly 
higher backbone RMSD ofO.75 A versus 0.55 A with RDCs, improving the convergence 
of the structures by 36%. In parallel, the RDC Qfactor [129] drops from 0.545 to 0.156 
using RDCs (Table 2.1); thus the agreement of the structure after refinement with the 
measured couplings is greatly improved. This is especially true for the loop region 
following helix a3 and all of helix a4, (residues G48-G66, Fig. 2.4C) which becomes 
much better defined with the use ofRDCs, balancing the relative lack of NOEs within the 
region. The last four helices fold into a well-defined bundle, as supported by the residues 
that form the hydrophobie core which provide the most long range NOEs (L27, L31, 
Y32, V36, A43, L50, L59, L62, L68, V72, and L76). As illustrated in the calculated 
ensemble of structures (Figure 2.5), there is narrow deviation for the last four he1ices 
whereas the first helix shows greater variance from the mean structure. 
2.3.3 Heteronuc1ear NOE analysis 
Dynamic properties of TcP ABC on the nano- to pico- second timescales were explored 
by measuring IH)SN heteronuc1ear NOE values (hNOEs), which measure the 
reorientation rate of the amide nitrogen-hydrogen inter-nuc1ear vector. The spectra were 
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Figure 2.4: Plots of IH:..15N Heteronuc1ear NOE value, NOE constraints, and RMSD 
statistics for TcP ABC Cresidues 1-85). Black cylinders above the graph represent u-
helices with the primary sequence of TcP ABC shown below. (A) IH_15N heteronuc1ear 
NOE values obtained at a frequency of 500 MHz. (B) A summary of all assigned 
unambiguous NOEs: intra-residue, sequential, medium, and long range NOEs are shown 
in medium grey, black, dark grey, and light grey respectively. (C) A comparison of the 
average backbone RMSD per residue of the 20 lowest structures calculated without (.) 
and with (0) 15N_IH residual dipolar couplings (RDCs). 
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acquired at 500 MHz and thus, in theory, values range from -3.6 to 0.82 for unfolded and 
folded residues, respectively [130]. A total of 77 out of 85 amide-proton signaIs were 
obtained (Figure 2.4A). No data are presented for prolines (P20, P40, and P65), missing 
amides (Gl, S2) or amides with significant overlap (S3, NI0, 158, L61, T64, D69) on the 
IH_15N HSQC spectra. As expected, negative hNOEs values were obtained for unfolded 
regions (residues L4-Q9 and N84-V85) indicating high flexibility. For residues A16-
R81, covering helices a2-a5, values were between 0.55-0.85, indicative of a slow 
tumbling rigid conformation. Intriguingly, hNOE values between 0.28-0.49 were 
obtained for residues LII-LI5, which encompasses the first helix. This indicates that the 
first helix, although structured, is relatively flexible in solution. The flexibility explains 
why no long range NOEs was found for this helix within 2D and 3D NOESY 
experiments. In comparison, the first helix in human P ABC shows numerous long range 
NOEs to helices a2, a4 and a5 [114]. 
2.3.4 Peptide Binding Site in TcP ABC 
The peptide-binding site on TcP ABC was determined using chemical shift perturbation 
analysis with a PAM-2 peptide. The PAM-2 consensus sequence for hPABC [114] was 
used to search (NCBI-BLAST) the T. cruzi genome for potential P ABC ligands. Due to 
the fact that T. cruzi and related genomes (Trypanosoma brucei and Leishmania major 
from the order Kinetoplastida) have been incompletely sequenced, no proteins containing 
PAM-2 sites could be identified. However, proteins with PAM-2 motifs were found in 
plant genomes which are phylogenetically close to T. cruzi. Sequence comparison of 
putative RNA binding proteins from Arabidopsis lhaliana, Brassica napus and Oryza 
saliva revealed a P AM-2 motif most similar to human RF3 (Figure 2.3B). The P AM-2 
motif found in these putative RNA binding proteins suggest that they could play a role in 
translation regulation by interacting with P ABC. 
The peptide selected for this study was derived from the N-terminal sequence in human 
RF3 (residues A47-R74, NCBI accession number NP060564). Human RF3 (hRF3) 
peptide was added to an 15N-Iabeled sample of TcPABC and the residues that show 
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Figure 2.5: Stereo drawing of the superposition for backbone atoms of 20 structures with 
lowest energy and least violations for TcP ABC (residues 8-82). The RMSD to the mean 
structure for the defined region of TcPABC, N17-L79, with RDCs is 0.55 ± 0.14 A for 
backbone atoms and 0.91 ± 0.13 A for aU heavy atoms (please see Table 2.1 for 
summary). 
33 
greatest chemical shift changes on an 15N_1H HSQC spectrum were monitored to identify 
regions within TcP ABC that participate in peptide binding. 
Upon titration at low peptide-ratios (0.1-0.3 mM peptide: 1 mM protein), amide peaks 
from many residues broadened while sorne disappeared with increasing amounts of 
hRF3. At higher concentrations of human eRF3, aIl missing peaks reappeared. Since 
intermediate exchange was observed, HNCACB and CBCACONH experiments were 
carried out on the TcPABC-RF3 complex to re-assign the PABC backbone. Comparison 
of amide chemical shifts (ppm) obtained from a 15N_IH HSQC spectra with and without 
peptide shows residues E29 (0.227), Y32 (0.32), K45 (0.364), M49 (0.484), A75 (0.205), 
E77 (0.232), and V78 (0.391) having the largest change upon binding to hRF3. These 
residues reside on helices a2, a3 and a5 and define peptide-binding surface. 
2.4 Discussion 
The C-terminal domain of P ABP from Trypanosoma cruzi (TcP ABC) belongs to the 
vegetal subgroup ofPABC domains. TcP ABC shares up to 75% sequence similarity with 
P ABCs from plant species (Figure 2.3A). In general, P ABC domains are similar 
throughout aIl species; however primary sequence conservation is lowest within its N-
terminus. Structurally, the N-terminal helix is absent from P ABCs in human hyperplastic 
discs proteins [115] and yeast [117]. In hP ABC, the N -terminal helix is present and folds 
into the domain (Chapter 1, Figure 1.8A). Our results show that TcPABC has an 
intermediate structure with the presence of a mobile N-terminal helix (residues L11-L15). 
According to secondary structure predictions (MLRC software), an N-terminal helix is 
most probably present throughout vegetal PABC domains. Residues L545-A547 in helix 
a 1 of hP ABC are highly conserved throughout animal P ABC domains and provide 
important long range contacts to the last four helices, which aids the first helix to pack 
against the protein [114]. Similar residues at the same position, conserved as (AlL545, 
AlA547), are present in plant PABCs, but not in trypanosomes. This suggests that the 
mobility of the N-terminal helix is possibly a feature unique to trypanosomes. The 
remaining helices, a2-a5, in TcP ABC fold into a weIl-defined 4 a-helical core that 
resembles the arrowhead shape observed in hP ABC. A pairwise Ca backbone overlay 
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Figure 2.6: Identification of the peptide-binding site in TcP ABC (A) lH)5N HSQC 
spectra of TcP ABC without (black) and saturated with peptide (red). (B) A plot of 
chemical shift changes of amide signaIs as a function of residue number. (C) Ca trace 
coloured according to the magnitude of chemical shift change upon RF3 binding. 
Residues with large st chemical shift change (Y32, K45, M49 and V78) are labeled. 
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between the last four helices of TcP ABC (residues 17-79) and existing P ABC structures 
exhibit highest structural homology with hP ABC (1.66 A) and hHYD (1.47 A). 
A putative protein sequence encoding for eukaryotic release factor 3 (eRF3) was 
identified in the trypanosome database (TIGR accession 1101628), although the sequence 
encompassing its N-terminal region was not fully sequenced. Since, P AM-2 sequences 
are located within the N-terminus of RF3s, it will be important to clone the full-Iength 
protein to detect a probable P AM-2 site within RF3 in trypansomes. Titration 
experiments of TcPABC with a human RF3 PAM-2 peptide revealed a peptide-binding 
surface highly comparable to hPABC (Figure 2.6) [114]. Slow to intermediate exchange 
was observed during titration experiments, suggesting that TcP ABC's affinity for hRF3 is 
within a low micro molar range (1-10 )lM). A similar exchange regime and affinity was 
observed for hP ABC (data not shown) upon binding of hRF3. Our results show that even 
though TcP ABC possesses a mobile N-terminal helix the affinity for the hRF3 peptide is 
not compromised. This is not surprising since the residues that participate in peptide 
binding are conserved within helices a2, a3, and a5. In hPABC, residues (E19, F22, 
K35, M39 and V68) in helices a2, a3 and a5 in hPABC are most affected upon binding 
PAM-2 motifs [114]. Similarly, homologous residues Y32, K45, M49 and V78 in 
TcP ABC (Figure 2.6) also show the largest changes upon binding P AM-2. This indicates 
that peptide recognition by TcP ABC occurs by the same mechanism and has similar 
sequence specificity to hP ABC. 
In vitro TcUBP-1 interacts with TcP ABP however, in contrast to previous suggestions 
[125], this protein does not interact with the C-terminal domain of TcPABP (data not 
shown). This is not surprising since TcPABC recognizes a specific 'PAM-2' motif and 
TcUBP-1 lacks this consensus sequence as described for P ABP interacting partners in 
human [114]. In addition, this result indicates that TcUBP-1 interacts with the N-
terminal RNA recognition motifs or the central unfolded region of TcP ABP. This could 
provide a mechanistic framework supporting previous ideas that the interaction between 
both proteins results in a reduction ofTcP ABP's affinity for the poly (A)-tail [124, 125]. 
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Altogether, our results propose that TeP ABC reeruits proteins with P AM-2 sites sueh as 
RF3, Paip homologues and RNA binding proteins to the po1y (A)-tail of mRNA. Sinee 
Trypanosoma cruzi and related genomes (Trypanosoma brucei, Leishmania major) have 
been ineompletely sequeneed, proteins eontaining P AM-2 sites eould not be identified via 
a bioinformatie seareh. Determination of TeP ABC interaeting pro teins and elueidation of 
their in vivo funetion will provide insight into translational regulatory meehanisms in 
trypanosomes and other Kinetoplastid parasites. 
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2.5 Supplementary information 
The sequence database of T. cruzi and T. brucei (TIGR and NCBI) was updated (2005-
2006) since the publication of the preceeding manuscript. Consequently, several 
potential P ABC interacting proteins in T. cruzi were identified via a bioinformatics screen 
(Figure 2.7). As predicted, each protein contains a PAM-2 sequence very similar to 
human P ABC interacting proteins. Within the group of proteins are putative homlogs to 
the eukaryotic initation factor 4E. Primary sequence analysis reveals that T. cruzi, another 
isoform, and T. brucei proteins share ~48% sequence similarity to ~ 160 residue region in 
eIF4E from S. cerevisiae. Structural analysis of yeast eIF4E (PDB 1RF8) [131] show 
that this region encomapass the 5' -cap binding region. We predict that these putative 
trypanosome initation factors would also display a similar fold and bind to 5' -capped 
mRNA. Another group contains two RRM regions that are similar in seqeunce to ELA V 
(Embryonic Lethal Abnormal Visual proteins). ELA V (Inter Pro: IPR006548) proteins 
belong to a sub-family of RNA splicing factors found in metazoans. Finally, a third 
group of proteins, found in T. cruzi and L. major, contain a signature motif found in the 
nuc1eotidyl transferase superfamily. The function of this enzyme is to catalyze the 
transfer of a methyl group from S-adenosylmethionine to the N-7 position of the guanine 
in GpppN-terminated RNA to form the m7GpppN cap. These identified proteins are all 
implicated in mRNA metabolic and/or translational related functions. This is consistent 
with the role of P AM-2 proteins found in metazoans and implicates these Kinetoplastid 
proteins as potential P ABP interacting proteins. 
38 
(A) Human PABe interacting proteins 
Paipl 
Paip2 
RF3 
SKLSVNAPEFYPSGYS 
SNLNPNAKEFVPGVKY 
RQLNVNAKEFVPNVHA 
lM;;;_ 
(B) Putative Kinetoplastid PABe interacting protein 
XPS1473S 
EAN80127 
EANS0723 
XPS10663 
AAX69359 
XP81979S 
CAJ02584 
MNPAAQEFVPRKKC 
MN'PEAEEFV'PKGNR 
IS~JPNATDFVPRLTG 
STLNPDAKEFQVPMAA 
STLNPEAKEFRVPMGA 
MLNINAKAFVPQSAL 
MLNVNAKAFVPPGVS 
• ;iiiii ;;;; (457) 
(442) 
(323) 
:::;=::3iC========:~lœ!lf~~~:,~=. =======:.:=t:~,,;~e~,~mt~:~~:;:;:::==::(1405) 
(1377) 
1 1 
200 400 
1 1 1 
600 800 1000 1200 
Residues 
(1061) 
(1060) 
1 PAM2 
• PAM1 
::;e6!7WCEe; mRNA (Guanine -7-) Methyltransferase 
Eukaryotic Initation Factor 4E 
RNA Recognition Motif found in ELAV 
Figure 2.7: Identification of putative PABC interacting proteins from Kinetoplastids. (A) 
Ruman proteins Paipl, Paip2 and eRF3 aIl contain a conserved PAM-2 motif. (B) AIl 
numbers on the left are NCBI accession codes and to right, in brackets, are the number of 
amino acids within each protein. XP814738 and EAN80723 are found in the T. cruzi 
genomic database and are c1assified as putative eukaryotic initiation 4E factors. 
EAN90127 is the eIF4E homologue found in T. brucei. XP810663 from T. cruzi and T. 
brucei homologue AAX69359 are both RNA binding proteins. XP819798 T. cruzi and 
Leishmania major homologue CAJ02584 are both putative RNA methyl transferases. 
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2.6 Materials and Methods 
2.6.1 Cloning and expression of the C-terminal domain ofPABP from T. cruzi 
Primary sequence comparison between the C-terminal region in human P ABP (accession 
# AD08718) and T. cruzi PABP1 (accession # AAC46487) revealed that highest 
homology exists between residues 518-636 from human and residues 453-550 from T. 
cruzi. Using secondary structure prediction software and comparison with the structured 
region of the C-terminal region in human P ABP [114], residues 468-550 from T. cruzi 
was established as the P ABC domain. A 249 base pair fragment corresponding to this 
domain was amplified by PCR with oligo-nuc1eotides PABC-1 5'-
GGATCCTCTTTGGCTTCACAGGGACAG-3' and PABC-2 5'-
GAATTCCTAAACGTTCATGTGGCGATTC-3' (restriction sites are underlined), using 
genomic T. cruzi as the template. The fragment was c10ned into the EcoRI and BamHI 
sites of a pGEX-2T vector (Amersham Biosciences). The construct, TcPABC, was 
transformed into BL21 Gold-DE3 (Stratagene) and selected on a LB-agar plate 
supplemented with 100 )..tg/ml ampicillin. For NMR sample preparation, TcP ABC was 
expressed in either lx Luria broth or M9 media containing 15NH4CI (Isotech Inc.) or 
15NH4CI and D-(13C6) glucose (Cambridge Isotope Laboratory) all supplemented with 
100 )..tg/ml ampicillin. The cultures were grown at 37°C until OD600 reached ~0.8. 
Thereafter, the temperature was reduced to 30°C and 1mM isopropyl-1-thio-P-D-
galactopyranoside was added to the culture and shaken for 3 hours to induce expression 
ofGST-TcPABC fusion protein. 
2.6.2 Purification, characterization, and preparation of TcP ABC for NMR analysis 
The harvested cells were re-suspended in lysis buffer (lx phosphate buffered saline 
supplemented with 100 )..tg/ml of bovine lysozyme and 1 mM of the protease inhibitor 
phenyl-methyl-sulfonyl fluoride at pH 7.1) and kept on ice for 20 minutes. The total 
extract was centrifuged at 15000 g and the supematant was collected for subsequent 
purification. The recombinant GST-TcPABC protein was purified by affinity 
chromatography using a Glutathione-Sepharose 4B resin (Amersham Biosciences). The 
N-terminal GST-tag was c1eaved on the resin by treatment with thrombin (2 units/mg of 
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fusion protein) ovemight at 4°C. A final purification was completed using an HPLC gel-
filtration column (Superdex 75 HR 10/30, Amersham Biosciences) to remove thrombin 
protease and other impurities. Characterization and sequence composition of TcP ABC 
using SDS-PAGE analysis and ESI mass spectrometry confirmed the presence of 9.09 . 
kDa protein comprising 83 residues of TcP ABC and a 2 residue (Gly-Ser) N-terminal 
extension. For NMR analysis, purified TcP ABC was exchanged into a buffer containing 
50 mM NaRP 0 3 , 150 mM NaCI, and 1 mM NaN3 and 10% D20 at pH 6.3. 2D 
homonuc1ear NOESY and 13C-NOESY experiments used samples prepared with 100% 
D20 (Cambridge Isotope Laboratory). The final concentrations of the protein in NMR 
samples were between 2-3 mM. 
2.6.3 NMR spectroscopy 
AlI NMR experiments were recorded at 303K using standard double and triple resonance 
techniques on 15N_ or 15N, 13C-Iabeled samples [132]. AlI of the experiments were 
acquired on a Bruker DRX 500 with the exception of the 13C-edited NOESY, which was 
colIected on a Varian !nova 800 spectrometer. The folIowing multidimensional 
experiments were recorded and evaluated: (a) for backbone assignments: HNCACB and 
CBCA(CO)NH [133, 134]; (b) for si de chain and NOE assignments: 15N-TOCSY, 15N_ 
edited NOESY, 2D homonulcear NOESY in H20 and D20, and a 13C-edited NOESY in 
D20; (c) for dihedral angle restraints: 3J(HN_HU) coupling constants were obtained from 
an HNHA [135]; (d) for 15N_1H residual dipolar couplings: an IPAP-HSQC experiment on 
an isotropic sample without phage and on a sample containing 18 mg/ml PfI phage [136, 
137]; and (e) for backbone dynamics: 15N)H heteronuc1ear NOE data were measured by 
taking the ratio of peak intensities from experiments performed with and without 1 H pre-
saturation. Hydrogen bonds constraints were introduced to secondary structure regions as 
determined by chemical shift analysis, HNHA experiments, and medium range NOE 
patterns. Hydrogen bonds were defined as a restraint from the carbonyl oxygen atom to 
the amide hydrogen (i, i+4), using a standard length of 1.8 A for hydrogen bonds. AlI 
NMR spectra were processed using either XWIN-NMR software version 2.5 or 3.1 
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(Bruker Biospin) or GIFA software [138]. Evaluation of spectra and manual assignments 
were completed with XEASY software [139]. 
2.6.4 Peptide preparation, purification and NMR experiments 
The N-terminal region of human eRF3 (NCBI accession number NP060564), residues 
A47-R74 (Figure 2.3B), was synthesized by Fmoc (N-(9-fluorenyl) methoxycarbonyl) 
solid-phase peptide synthesis and purified by reverse-phase chromatography on a Vydac 
C18 column (Hesperia, CA). The composition and purity of peptides was verified by 
ion-spray quadropole mass spectroscopy. Titration experiments on TcP ABC with RF3 
were carried out by measuring the change in chemical shifts of amide signaIs «(~lH 
ppm)2 + (~15N ppm x 0.2)2)0.5) from 15N_1H heteronuc1ear single quantum correlation 
(HSQC) spectra. AlI spectra were acquired on a Bruker 600 MHz AVANCE spectrometer 
at 303 K. 
2.6.5 Analysis and Structure Calculation 
CNS 1.1 software [140] was used to generate an initial fold of TcPABC with a basic set 
of NOEs acquired from manual assignments of3D IH_1SN NOESY and 2D Homonuc1ear 
NOE spectra inc1uding dihedral angle and hydrogen bond constraints [141]. These 
calculations generated a fold that was used as a model template for automated 
assignments by ARIA 1.1 [142]. The final structure of TcPABC was calculated using 
standard protocols in CNS 1.1 with a total set of 1156 unambiguous constraints (Table 
2.1) collected from the experiments described above. In the final round of calculations, 
CNS 1.1 was extended to incorporate residual dipolar coupling restraints for further 
refinement. The axial and rhombic components of the alignment tensor were defined 
from a histogram ofmeasured RDCs [143] and optimized by a grid search method [144]. 
Twenty out of one hundred structures were selected based on lowest overall energy and 
least violations to represent the final structures. PROCHECK-NMR was used to generate 
Rarnachandran plots to check the protein's stereo-chemical geometry [145]. The 
coordinates of TcP ABC have been deposited in the RCSB under PDB accession code 
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1NMR and the NMR assignments under BMRB accession number 5698. PABC 
structures for comparison with TcP ABC were taken from PDB entries 1 G9L for hP ABC, 
1I2T for hHYD and 1IFW for yP ABC. 
2.6.6 Bioinformatics 
Proteins containing the P AM-2 motif were identified through a Basic Local Alignment 
Search Tooi (BLAST) [111] at NCBI (http://www.ncbi.nlm.nih.gov/blastD using the 
search for short nearly exact match option. The input sequence used was a consensus 
PAM-2 sequence (-LNP-A-EFVP-) previously determined in human PABC interacting 
proteins [114]. The T cruzi and T brucei database (http://www.tigr.org/tdb/e2kl/tcal/) 
were also searched for P AM-2 containing proteins. Multiple sequence alignments of 
pro teins were computed using CLUSTAL W ( Boxshade) [146] and polished using 
Adobe Illustrator 8.0. 
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Table 2.1: Structural statistics for 20 selected confonners for TcP ABC 
Constraints used for structure calculation 
Intraresidue NOEs (n=O) 559 
Sequential NOEs (n=l) 200 
Medium range NOEs (n=2,3,4) 146 
Long range NOEs (n>4) 69 
Dihedral angle constraints 78 
Hydrogen bonds 49 
ISN_1H residual dipolar couplings 55 
Total number of constraints 1156 
Average RMS difference to mean structure (A) for residues 16-79 
Backbone Atoms 0.55 ± 0.14 
AH Heavy (non-hydrogen) Atoms 0.91 ± 0.13 
Average energy values (kcal mor1) 
Etotal 192.14 ± 7.48 
Ebond 6.89 ± 0.52 
Eangle 52.80 ±2.42 
Eimproper 6.48 ± 0.50 
EVdW 90.01 ± 8.01 
ENOE 15.56 ±2.32 
Edihedral 1.52 ± 0.26 
Esani 18.87 ± 1.05 
Deviation from idealized covalent geometry 
Bonds (A) 0.0023 ± 0.0001 
Angles (0) 0.387 ± 0.011 
Improper (0) 0.267 ± 0.011 
RMS deviation from experimental data 
Distance Restraints (A) 
Dihedral Angle Restraints (0) 
0.014 ± 0.001 
0.344 ± 0.029 
Average Ramachandran Statistics for 20 lowest energy confonners 
Residues in most favoured region 76.7 % 
Residues in additional aHowed regions 20.0 % 
Residues in generously allowed regions 3.3 % 
Residues in disallowed regions 0.0 % 
Analysis of residual dipolar couplings 
RMSD (Hz) 
Q-factor 
Correlation coefficient 
1.259 ± 0.036 
0.156 ± 0.004 
0.979 ± 0.003 
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Chapter 3 
Solution structure of P ABC from wheat poly (A)-binding protein: an 
insight into RNA metabolic and translational control in plants 
Nadeem Siddiqui, Michael J. Osborne, Daniel R. Gallie and Kalle Gehring (manuscript 
submitted). 
The work presented in this chapter is my own. Dr. M.J. Osborne completed and analyzed 
4-dimensional NMR experiments to assist in the determination of unambiguous NOE 
restraints. Dr. D. Gallie from the University of California at Riverside provided us with 
the original construct of the C-terminal region of wheat PABP. This chapter is a 
modified version of the original manuscript. 
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3.1 Abstract 
The following reports the solution structure of P ABC from Triticum aevestium (wheat) 
poly (A)-binding protein. Wheat P ABC (wP ABC) consists of five a-helices arranged 
into a right-handed super coi! with a highly conserved P AM-2 peptide binding site. 
Through a bioinformatics search, several plant proteins containing a PAM-2 site were 
identified, inc1uding the early response to dehydration protein (ERD-15), which was 
previously shown to regulate P ABP-dependent translation. These pro teins contain a 
variety of conserved sequences inc1uding a PABP interacting 1 motif (PAM-l), RNA 
binding domains, an SMR endonuc1ease domain, and a poly-(A) nuc1ease regulatory 
domain, which suggest a function in either translation or mRNA metabolism. They are 
weIl conserved throughout plant species but have no sequence homologues in metazoans. 
We show that wPABC binds to the plant PAM-2 motifwith high affinity and through a 
conserved peptide recognition mechanism. These results indicate that plants have 
evolved a distinct regulatory mechanism involving novel P ABP binding partners. 
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3.2 Preface 
The mechanism of protein synthesis and the macromolecules needed are very similar in 
yeast, animal, and plant cens [147]. In the cytoplasm, P ABP associates with both the 
poly (A)-tail and eukaryotic initiation factor 4G (eIF4G) [72], which along with eIF4E 
and eIF4A comprise the cap binding protein complex eIF4F. These associations 
stimulate eIF4A helicase activity [81], eIF4E interaction with the 5'-m7GpppX cap 
structure [148] and, along with eIF4B [71, 80], increases PABP affinity for the poly (A)-
tail on rnRNA [71]. The synergistic interactions between these proteins enhances 
translation by stabilizing the mRNP complex and promoting ribosomal recruitment [83]. 
A notable difference in plant systems was the presence of an eIF4F isoform (eIFis04F) 
[149]. This complex is composed of eIFis04G, which also interacts with wheat PABP, 
and eIFis04E which can bind to 5'-capped mRNA [71]. eIF4F and eIFis04F isoforms 
have evolved respectively to discriminate between non-standard mRNA, i.e.: they contain 
a structured 5' -leader or multiple cistrons, and standard transcripts in plants [150]. 
In the nucleus, Saccharomyces cerevisiae P ABP was implicated III multiple steps 
involving poly (A)-processing of the 3' -end and export of mRNA. Recent work has 
demonstrated that in mammalian cens, P ABP associates with the poly (A)-tail of 
unspliced pre-mRNA, co-immunopurifies with PAP, and remains on the transcript during 
the pioneer round of translation (related to nonsense-mediated decay) [151]. In this 
context, mammalian P ABP was suggested to be involved in pre-mRNA processing, 
stability and quality control. The nuclear function of P ABP in plant species has not been 
as clearly characterized. However, cross-species complementation studies ofyeast PABP 
nun mutants show that Arabidopsis thaliana PAB2 [152], PAB3 [153], and PAB5 [154] 
can partially restore the poly (A)-length control in a poly (A)-nuclease dependent manner. 
Furthermore, P AB3 was present in the nucleus of the complemented yeast strain and 
promoted the rate of mRNA entry into the translated pool. This suggests that a similar 
mechanism exists in plants and that eukaryotic P ABP overall has an evolutionarily 
conserved nuclear function in facilitating mRNA biogenesis and export [155]. 
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3.3 Results 
3.3.1 Sample optimization 
A ISN_IH HSQC experiment was performed on a uniformly IsN-labeled sample 
corresponding to the C-terminal region ofwheat PABP (NCBI AAB38974, Y535-S651). 
The HSQC spectrum for this construct (Figure 3.1A) displayed excellent signal 
dispersion and a total of 118 out of 129 amide-proton signaIs were observed. SignaIs 
were not observed for the 9 prolines or amides with significant overlap. HNCACB and 
CBCA(CO)NH experiments were done on a 13C/SN labeled sample to obtain sequential 
backbone assignments. To acquire dynamic information and determine the unstructured 
regions of the protein, a IH_ISN heteronuc1ear NOE experiments (hNOE) was performed. 
This experiment detected the ISN_I H vector reorientational dynamics and was used to 
assess the motion of the protein backbone at the nano- to pico- second timescale. 
Negative hNOE values, which indicate regions of high flexibility, were found at the N-
terminus (residues Y535-S551) and the C-terminus (residues H630-S651) (Figure 3.1B). 
Given this information, DNA primers were designed accordingly to eliminate the 
unstructured sections of the protein. The new construct encompassing the structured 
region ofwheat PABC (P552-S634), which gave less signal overlap, was used for further 
structural studies by NMR spectroscopy and thermodynamic studies by isothermal 
calorimetry (lTC). 
3.3.2 Sequence and structure comparison of wheat P ABC 
Over 95% of backbone and side chain resonances were determined for IH, ISN and 13C 
atoms and over 1100 constraints were used to calculate its structure (Table 3.1). The 
wPABC domain is a monomer consisting of five a-helices (residues L556-A561, L576-
A588, E597-608, V617-R625, A627-L644) folding into a well defined compact structure 
(Figure 3.2A). The 3-dimentional arrangement of the a-helices is highly comparable to 
previous PABC structures from PABP (Figure 3.2). However, wPABC shares c10ser 
structural similarities to T cruzi and human P ABC than to yeast. The primary sequences 
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Figure 3.1: 15N_1H HSOC and identification of domain boundaries by heteronuc1ear 
NOE experiment. (A) 15N_1H HSQC of the C-terminai region ofwheat PABP (residues 
Y535-S651). SignaIs from residues which were absent or negative in a 15N)H 
heteronuc1ear NOE experiment are highlighted in red. These residues represent the 
unstructured regions outside of the domain. (B) The bar graph display heteronuc1ear 
NOE values taken at 600 MHz as a function of residue number. Above the graph is a 
cartoon representation of the wheat P ABC secondary structure elements. The arrows 
indicate the regions where primers were designed to create the wP ABC construct 
(residues P552-S634). AlI spectra were taken at 303K. 
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Figure 3.2: A comparison of PABC domains from PABP in different species. Ribbon 
representation of: P ABC domain from (A) wheat P ABP (PDB 2YD), (B) human P ABP (PDB 
IG9L), (C) T. cruzi PABP (PDB INMR), and (D) yeast PABP (PDB lIFW). The backbone 
RMSD overlays of secondary structural elements of wp ABC onto the other structures are 1.53 
A for TcPABC, 1.55 A for hP ABC, and 1.62 A for yPABC. 
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ofP ABC domains are highly conserved across plant species. wp ABC shares at minimum 
54% sequence identity and 72% similarity with other plant PABCs (Figure 3.3). 
lmportantly, the residues that build the hydrophobic core and accounts for the major 
stabilization force within the wPABC structure (such as L572, L576, V580, A588, V591, 
L596, L597, V603, L606, L613, V617) are highly conserved. From this observation, one 
can predict that the structure of the P ABC domains will be similar to the domain from 
wheatPABP. 
In general, the large st variations within P ABC structures across kingdoms are found at 
the N-terminus, which corresponds to the region with lowest sequence similarity (Figure 
3.3). Only, hP ABC and wp ABC contains an extra N-terminal a-helix that is packed in 
the domain [114]. The N-terminal helix was present in TcPABC, but is mobile relative to 
the rest of the core [156], whereas the PABC domains from HYD and yeast PABP only 
contain four a-helices. The extra N-terminal helix in hP ABC (NCBI: NP002559 i 
residues L544-A552) was dispensable, as a shortened fragment can bind to Paip2 with 
comparable affinities to the wild type domain (Appendix l, A1.2). P ABC from HYD and 
TcPABP also have similar specificity and affinity to the PAM-2 motif as human PABP. 
Overall, this indicates that the last four helices are sufficient for sequence recognition. 
Furthermore, the extra N-terminal a-helix in animal and plant P ABCs suggest a function 
independent of peptide recognition. Another notable structural difference in yeast P ABC 
is a strong bend found exc1usively within its C-terminal helix. This difference appears to 
be responsible for the significantly lower affinity for known P AM-2 sequences. The 
P ABC binding site in S. cerevisiae appears to be different from sequences in metazoans 
[117]. 
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Figure 3.3: Sequence eomparison of the PABC domain from plant PABPs. Comparison ofPABC domains derived from poly (A)-
binding proteins from (NCBI accession in brackets): T. aevestivum (AAB38974); 0. sativa (XP _481529); N tabcum isoforms: R2 
(AAF66825), RI (AAF66824), PABP (AAF66823); C. sativus (AAF63202); D. caro ta (AAK30205); H orientalis (AAT08650); A. 
thaliana PABP isoform 2 (AAA61780), 3 (NP_173690), 4 (NP_179916), 5 (AAA61780), 7 (NP_181204), 8 (NP_564554); M 
crystallinum (AAB61594); C..reinhardtii (AAC39368); T. cruzi (AAC02538); human (AAH41863); S. pombe (CAB08762); S. 
cerivisiae (P04147) and PABC from the hyperplastic dises genelHYD (AAF88143). Above the alignment is a cartoon representation 
of the a-heliees found in P ABC domains. The starting residue position within the protein is shown at the beginning of each sequence. 
The end of each sequence shows the total size of the protein followed by percent identity with reference to wheat P ABC. The star 
denotes the residues that participate in building the protein's hydrophobie core. Boxed in are residues that participate in peptide 
binding. 
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Figure 3.4: Identification ofwheat proteins containing a PAM-2 site. (A) Ruman Paipl 
and Paip2 both contain a stretch of acidic residues that interact with the N-terminal RRM 
region of PABP (referred to as PABP interacting motif-l, PAM-I). Paipl, Paip2 and 
eukaryotic release factor 3 (eRF3) aU contain a conserved PAM-2 site. eRF3 also 
contains a GTPase site similar to elongation factor I-A (EFI-A). (B) Wheat proteins 
containing a P AM-2 motif. These proteins contain an array of different modules, 
inc1uding acid rich sequences, RNA recognition motifs, a Smr endonuc1ease domain, 
Tetratricopeptide (TPR) , and Lsm domain. Shaded box correspond to regions sharing 
similarities to the human Bc1-3 protein/NEDD4BP. 
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3.3.3 Isothermal calorimetric measurements and peptide binding interface ofwP ABC 
with a PAM-2 peptide 
A 16 residue peptide corresponding to a PAM-2 motif in one of the wheat proteins 
(TC251957) identified by bioinformatics analysis (vida infra) (Figure 3.4) was 
synthesized for binding studies with wP ABC. Isothermal titration calorimetry (ITC) 
experiments were completed to determine kinetic and thermodynamic parameters for 
wP ABC and P AM-2 binding. Titration of wP ABC with peptide resulted in negative 
deflections from the base line which is indicative of an exothermic reaction (Figure 
3.5C). The heat ofrelease allowed for measurements of the enthalpy, entropy, and Gibbs 
free energy of binding. The interaction was dominated by favorable enthalpic effects 
(L1H = -7.1 kCal) which gives rise to heat release upon binding. The slightly positive 
entropy (L1S = 0.174 CallK) indicates that desolvation effects most likely dominate 
conformational ordering upon complex formation. Assuming al: 1 binding model, the 
ITC measurements yielded a "Ki value of 3.0 J..tM, indicating a strong affinity between 
peptide and protein. Our measured "Ki and thermodynamic profile are comparable with 
previous binding studies observed between hP ABC and peptides derived from human 
Paipl, Paip2 and eRF3 [157]. Since these proteins were demonstrated to interact with 
PABP in vivo [95, 99, 158], the measured affinities in the low micro-molar range can be 
considered physiologically relevant. 
The peptide binding site on wP ABC was determined by NMR using chemical shift 
perturbation analysis. A 15N-Iabeled sample of wP ABC was titrated with unlabeled 
peptide and residues showing chemical shi ft changes were monitored on a 15N_1H HSQC 
spectrum (Figure 3. 5A). Addition of the peptide to sample (1:10 molar ratio) resulted in 
many amide chemical shifts disappearing and re-appearing at different positions of the 
spectra. This observation of slow exchange on the NMR time scale is indicative of high 
affinity binding to the peptide. HNCACB and CBCACONH experiments were carried 
out for the reassignment of the backbone resonances of wP ABC in al: 1 complex with 
PAM-2. Comparison of amide signais obtained from a 15N_1H HSQC spectra with and 
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without peptide displays residues M571 (0.427), E574 (0.711), Y577 (0.428), K590 
(0.493), M594 (0.776), L595 (0.578), E619 (0.509), A620 (0.693), M621 (0.986), and 
V623 (0.447) having the largest chemical shift changes upon binding (Figure 3.5B). 
They reside on helices a2, a3 and a5 and define the peptide-binding pocket for wP ABC 
(Figure 3.5D). wPABC binds peptides in a manner highly analogous to human and 
trypanosome PABC [114, 156]. The peptide binding residues are complete1y conserved 
throughout plant P ABPs indicating that all share a comparable peptide recognition 
mechanism (Figure 3.3). 
3.3.4 Bioinformatic SUrvey ofplant PAM-2 proteins 
Recently, new plant P ABP interacting proteins were identified in vivo in both Cucumis 
sativus [159] and Arabidopsis thaliana [160]. These proteins bind specifically to the 
PABC domain from PABP. Through primary sequence alignments, a PAM-2 site highly 
similar to the metazoan PAM-2 motifwas identified [159]. The PAM-2 sequence found 
in A. thaliana and C. sativus was used as a query to search the wheat genomic database. 
Eight distinct proteins were identified (Table 3.2), seven of which have homologues in 
other monocot (T aevestium, 0. sativa, C. sativus) and dicot species (N tabacum, A. 
thaliana). Aside from the early response to dehydration protein (ERD-15), the remaining 
proteins have not been characterized. However, all have conserved domains which give 
insight into their possible functions. The plant PAM-2 motifproteins can be divided into 
five categories based on the presence of an acid rich PAM-llike region, RRM domains, 
SMR endonuc1ease domain, eIF3-like/tetratricopeptide repeats (TPR), or a Pbplp/Lsm 
homology region (Figure 3.4). 
There are two genes that contain an acid rich P AM -1-like motif. The first is an early 
response to dehydration protein (ERD-15) (TC265113) which belongs to a c1ass of genes 
activated in response to various stresses [161]. For example, in A. thaliana ERD-15 
expression leve1 increases upon exposure to drought, low temperatures, and high light 
intensity [162]. In C. sativus, a distinct diurnal pattern ofPCI6/ERD gene expression was 
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Figure 3.5: Peptide binding studies by NMR and ITC. (A) An overlay of wP ABC I5N_ 
I H HSQC from free (black) and peptide bound (green) forms. (B) Chemical shift 
differences plotted as a function ofresidue number. (C) Isothermal calorimetry profile of 
P AM-2 peptide and wP ABC. Each peak shown in the ITC thermogram represents an 
injection from the peptide. Below the thermogram, is the integration of each peak fitted 
with a curve assuming al: 1 binding model (molar ratio is peptide to protein). The Ki was 
calculated to be 3 /lM. (D) Chemical shift values mapped on wP ABC structure to display 
peptide binding pocket. Most shifted residues upon peptide binding shown in green. 
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observed. where transcript levels increased throughout the day and dec1ined ovemight 
[159]. Homologues ofthis gene are found in both monocot and dicot species (Table 3.2) 
with high conservation in the first 60-65 residues [159, 161]. The N-terminal segment 
contains a P AM-2 motif and site-directed mutagenesis studies confirmed that this motif 
was necessary for interacting with the C-terminal domain ofPABP [159]. Furthermore, 
ERDIPCl6 from C. sativus downregulates translation through P ABP interaction in vitro 
[159]. Since the ERD-15 family has a short region of acidic residues, similar to the 
PAM-l motif, following the conserved N-terminal region (TC265113, Figure 4), it is 
plausible that the mechanism of its effect on translation is similar to Paip2 [78]. The 
acidic PAM-l region in Paip2 is proposed to disrupt PABP's affinity for the poly (A)-tail 
[99]. Another small wheat protein (TC238656) also contains both a P AM-2 motif 
followed by an Asp/Glu rich stretch. However, this protein was distinct from ERD-15 
and shares no sequence similarity with Paip2. 
Two PAM-2 containing RNA binding proteins (RNBP a and b) are found in wheat 
(TC246947, TC266478) and other plant species (Table 3.2). Although these RNA 
binding proteins have yet to be fully characterized, a homo log in A. thaliana was shown 
to be expressed during embryogenesis and in growing organs, suggesting a role in plant 
development [163]. This group ofproteins consists of ~350 residues inc1uding a PAM-2 
site at the N-terminus followed by two RNA recognition motifs. The two RRMs share 
the highest similarity (SMART 00360) to those found in the human U2 small nuc1ear 
ribonuc1eoprotein partic1e (sRNP) auxiliary factor (hU2AF) [164]. U2AF associates with 
the 3'-site early in pre-mRNA splicing and recognizes additional splicing factors [165]. 
The idea of P ABP involvement in mRNA splicing was not surprising as yeast P ABP 
associates with subunits of the c1eavage factor lA [28, 29]. Cleavage factors also 
cooperate with splicing factors for polyadenylation control and couple splicing to 
polyadenylation [166]. In addition, in mammalian cells, PABP associates with the poly 
(A)-tail ofunspliced pre-mRNA and is suggested to be involved in pre-mRNA processing 
[151]. 
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Table 3.2: Plant proteins containing a P ABC-interacting motif CP AM-2) 
predicted 
Entry8 Speciesb Gene PAM-2 sequence Similarity to 
ProductC Whea t homologd 
TC265113 T.aevestium ERD-15 SSLNI>EAPLFIPAAFQ -/- (144) 
AAT72926 O.sativa ERD-15 SSLNPDAPLFIPAAFR 164/ 60% (166) 
AAM64638 A. thaliana ERD-15 STLNPDAPLFIPAAVR 163/ 33% (163) 
AAF75749 L.esculentum ERD-15 STLNPNAPLFVPSFVR 156/ 31% (156 ) 
AAV92296 P.menziesii ERD-15 STLNPNAPLFIPLAYR 55/ 58% (134) 
AAQ18141 C.sativus ERD15/PCI6 SMLNPNAPLFVPMAYR 50/ 52% (141) 
AAZ20289 A.hypogaea] ERD-15 PTLNPNAPLYIPAAFR 43/ 60% (124) 
TC246947 T.aevestium RNABP-a KKLNI'SAEEFVPLSRR 349/100% (349) 
BAD28276 o. sativa RNABP-a SKLNPRAQEFVPSSRR 310/ 66% (359 ) 
AAA86641 A. thaliana RNABP-a SKLNPMAKEFIPPSLT 304/ 51% (336 ) 
TC266478 T.aevestium RNABP-b SKLNPMAEEFVPPSLA 344/100% (332) 
XP479783 O.sativa RNABP-b SKLNPMAEEFVPPSLA 231/ 71% (302 ) 
NP174556 A. thaliana RNABP-b SKLNPMAEEFVPPSLN 295/ 65% (358 ) 
TC247565 T.aevestium TPR PTMNPHAAEFVPGKTV -/- (659) 
CAE03171 O.sativa TPR PTMNPHAAEFVPGKTS 649/ 67% (1720) 
NP172981 A. thaliana TPR RSMNPDAPEFVIlRRSL 657/ 30% (1558) 
TC251957 T.aevestium SMRa TSLNPNAVEFVPSCLR -/- (567) 
AAN65434 o sativa SMRa TALNI>NAQEFVI)SSLR 410/ 78% (581) 
TC252881 T.aevestium SMRb TALNPNAAEFVPSCVI -/- (538) 
BAD35574 O.sativa SMRb TALNPNAAEFVPSCIR 427/ 79% (531 ) 
AAC14523 A. thaliana SMRb TTLNPHAAEFVPFTLR 188/ 34% (567 ) 
TC255400 T.aevestium Lsm SSLNPNAKEFKLNPNA -/- (355) 
XP465657 O.sativa Lsm SSLNPNAKEFKLNPNA 362/ 52% (591 ) 
NP175819 A. thaliana Lsm STLNPNAKEFKLNPNA 374/ 27% (587) 
TC238656 T.aevestium Unknown SKLNPHAKVF1\,PSFAS -/- (286) 
aGene accession numbers from TIGR database (in bold) and NCBI 
bTriticum aevestium (wheat), Oryza sativa (rice), Arabisopsis thaliana (thale cress), 
Lycopersicon esculentum (tomato), Pseudotsuga menziesii (Douglas fir), Cumis sativus 
(cucumber), Arachis hypogaea (peanut). 
CEarly response to dehydration (ERD); P ABC interacting protein (PCI); RNA binding 
protein (RNABP); Tetratricopeptide repeat (TPR); Small MutS related (SMR), Like Sm 
domain (Lsm). 
dLength of segment with highest similarity, % similarity to wheat protein, total size of 
protein. 
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Wheat contains a 670 residue protein (TC247565) that shares significant similarity to the 
C-terminal region of a yeast p135 subunit of eukaryotic initiation factor eIF3. Both 
proteins contain tetratricopeptide (TPR) repeats. TPR is an anti-parallel a-helical 
protein-interaction domain present in a wide range of proteins involved in transcription, 
cell cycle control, protein folding, and protein transport [167]. eIF3 binds to eIF4G and 
to the 40S ribosomal subunit to promote binding of initiator methionyl-tRNA and mRNA 
[168]. Recent studies have shown that PABP plays a direct role in ribosomaljoining and 
increases its efficiency in initiation complex formation [83]. Hence, a putative function 
for the plant eIF3-like/TPR protein is to modulate translation by interacting with PABP 
during translation initiation. 
The fourth set of plant proteins contains aC-terminal region with similarity to the human 
NEDD4BPlBcl-3 binding protein (hBCL3-BP). The two isoforms also contain a small 
MutS related domain (Smr). The Smr domain is an endonuclease conserved in bacterial 
MutS2 proteins and is involved in the DNA-damage repair system-[169]. Similarly, the 
Smr domain in hBCL3-BP contains nicking endonuclease activity and is possibly 
involved in coupling transcription with DNA repair or recombination [170]. However, 
the function ofthis domain has not been fully established in eukaryotes [171]. 
The final wheat protein (TC238656) is implicated in translational and mRNA related 
processes. Found both in rice and A. thaliana, it contains a nucleic acid binding SM-like 
motif (Lsm). Sm/Lsm proteins are a widespread protein family [172], participating in 
mRNA metabolic processes, such as pre-mRNA splicing [173], mRNA decapping and 
degradation [66], and small nucleolar RNP assembly [174]. The Lsm motif is also found 
in two other PABP binding proteins: metazoan ataxin-2 [175] and yeast Pbplp [119]. 
Polyglutamine expansion in ataxin-2 is responsible for the human disease spinocerebellar 
ataxia type 2 [176]. This protein contains a P AM -2 motif and recent work has confirmed 
the in vivo interaction between ataxin-2 and P ABP and its role in regulating translation 
[175]. Yeast Pbplp also interacts with the C-terminal domain of PABP but through 
binding to a region outside of the P ABC domain. Pbp 1 P functions to prevent the 
association ofP ABP with poly (A)-nuclease and control mRNA polyadenylation [119] 
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3.4 Discussion 
TypicaIly, only one gene encoding P ABP is found in single ceIl eukaryotes, while 
multiple copies are found in metazoans and plant species. Rumans have three functional 
genes for cytosolic P ABP while the dicot Arabidopsis thaliana contains eight. In A. 
thaliana, two of the eight P ABP genes do not encode the four RRM domains. Another 
dicot, N tabacum, has three expressed P ABP genes with aIl four RRMs [177]. Although 
detailed expression data for P ABP in the monocot 0. sativa are not available, the number 
of P ABP genes, tissue distribution and abundance follow the same pattern observed in A. 
thaliana [6]. The additional genes for PABPs in plants are organ specifie and were 
proposed to have evolved for specialized functions in translation or rnRNA metabolism 
[177-180]. Their unique functions are likely due to sequence differences in the RRM 
reglOn. 
In contrast, the region corresponding to the P ABC domain of plant P ABPs displays little 
primary sequence diversity, indicating a specifie and conserved function. This includes 
P ABPs from chloroplasts (c. reinhardtii), monocots (0. sativa, T. aevestium), dicots (N 
tabacum, A. thaliana) and ferns (A. philitidis). In this report, we found that wheat PABC 
possesses a structure and peptide binding function very similar to the domain from human 
PABP. Both recognize a precise and similar 12 residue sequence (PAM-2 motif). From 
the conservation of key residues responsible for maintaining protein fold and peptide 
specificity identified from wheat, we predict that aIl plant P ABCs will have similar 
characteristics. This is supported by recent work, which showed that P AB2 and P AB5 
from A. thaliana interact in vivo with multiple proteins containing a P AM-2 sequence 
[160]. From an evolutionary point of view, this suggests that the structure and function 
of P ABC domains evolved prior to the divergence of plant and animal kingdoms and 
have generally remained preserved over time. 
A notable exception is the P ABC domain ofP AB7 from A. thaliana which has a histidine 
(R534) in place of the aromatic tyrosine (Y577, in wheat). According to the human 
PABC-PAM-2 complex (please see Appendix 1) and the wPABC structure reported here, 
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the analogous residue F22 is the single most important factor contributing to peptide 
binding [157]. Consequently, we predict that the affinity of A. thaliana P AB7 for P AM-2 
motifs will be considerably reduced. This may have consequences for regulation of 
P ABP function in A. thaliana. Cross-complementation studies of A. thaliana P AB2, 3 
and 5 with yeast PABP null mutants show that all can restore viability [152-154], 
however similar experiments have not been performed with P AB7. The same studies 
also show that only certain functions of yeast P ABP can be complimented. Only yeast 
P ABC contains differences in structure and sequence specificity [117]. Rence, these 
differences between P ABC from plant and yeast may be responsible for this partial 
complementation of A. thaliana P ABP in yeast. 
Thus far, only a limited set ofPABC interacting proteins have been characterized in vivo. 
In yeast, PAN3-PABC interaction in the nucleus is necessary for modifying the 3'poly 
(A)-tail to specifie length, which is required for efficient mRNA export [33, 44]. The 
interactions between Paip 1, Paip2, and eRF3 have been well characterized in metazoans. 
Recent work has also verified the in vivo interaction between ataxin-2 [176] and the anti-
proliferative protein Tob2 [181]. Sequence homologues for the metazoan and yeast 
P ABC binding proteins are currently not known in plant species. The only functional 
characterization of a plant P AM-2 protein is ERD/PCI6 from C. sativus, which down 
regulates PABP dependent translation in vitro [159]. Other evidence has provided 
support of P ABC's importance in translation regulation in plants. For example, the 
zucchini mosaic potyvirus RNA dependent DNA polymerase (RdRp) directly targets the 
C. sativus P ABC domain in P ABP to modulate host translation to promote viral 
replication [182]. Comparable strategies are also seen with viruses infecting mammalian 
systems. For instance, RIV [183] and caliciviruses [184] both encode proteases which 
specifically separate the RRM regions from P ABC to induce host translational shutoff. 
These observations suggest that the regulatory effects of translation via P ABC are 
conserved in both animal and plant species. 
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A bioinformatic review of plant sequence databases identifies several proteins containing 
P AM-2 sequences. These potential P ABC interacting proteins contain a diverse range of 
modules which implicate their function in translation or mRNA metabolic pathways. 
Furthermore, recent studies in A. thaliana show that these P AM-2 homologues are 
ubiquitously expressed and interact with PABP in vivo [160]. Importantly, they are 
conserved throughout plant species implying a significant role for these proteins. From 
previous biochemical data established in other species, we can propose that their function 
will be to regulate gene expression by affecting P ABP dependent mRNA or translational 
related processes. Intriguingly, these plant P AM-2 proteins have no metazoan sequence 
homologues. This suggests that P ABC binding proteins have evolved separately, but 
developed converging function in regulating P ABP. Overall, our observations indicate 
that plants have evolved a distinct regulatory mechanism for P ABP dependent gene 
expreSSIOn. Although hypothetical, these predictions serve as a basis for further 
experiments and provide insight into plant RNA metabolic and translational regulatory 
pathways. 
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3.5 Materials and Methods 
3.5.1 Cloning and protein sample preparation 
The C-terminal region (residues Y535-S651) of wheat P ABP (NCBI accession number 
AAB38974) was produced as an unlabeled, 15N, or 15N;!3C isotopically labeled 
Glutathione S-transferase (GST) fusion protein using the pGEX-2TK vector system 
(Amersham Biosciences). Protein expression was completed as described previously 
[156]. The recombinant protein, wP ABC 1, was isolated by affinity chromatography 
using Glutathione Sepharose 4B resin (Amersham Biosciences). The fusion protein was 
eluted with the addition of 20 mM reduced glutathione in phosphate buffered saline 
(PBS) buffer at pH 7.1 and incubated ovemight at 4 oC with thrombin protease (2 
units/mg fusion protein, Amersham Biosciences). Further purification was done with an 
HPLC gel filtration column (Superdex 75HR 10/30, Amersham Biosciences) using IX 
PBS at a flow rate of 0.5 ml/min to separate c1eaved GST, thrombin protease, and other 
impurities from the target sample. Characterization by electrospray ionization (ESI) mass 
spectrometry confirmed the presence of a 13.7 kDa protein consisting of 129 residues 
inc1uding an N-terminal 12 residue c10ning artifact. For NMR analysis, the purified 
sample was exchanged into an NMR buffer (50 mM NaHP03, 150 mM NaCI, 1 mM 
NaN3, 10% D20 at pH 6.3) and concentrated by centrifugation (Ami con, MWCO 5000 
kDa). The final protein concentrations in NMR samples were between ~ 1-2 mM. 
A PCR fragment corresponding to the structured region was amplified using the first 
construct as the template and oligos wPC-5'F: 5'-
CACAGGGATCCCCAATTGGGGCATTGG-3' and wPC-3R 5'-
CACTCTCGAGTTAGGAAGAGATGAGGC-3' (restriction sites are underlined). The 
product was c10ned into the BamHI and XhoI site of a pGEX-6P1 GST fusion vector 
(Amersham Biosciences). The DNA sequence of the new construct wP ABC2, residues 
(P552-S634), was verified by capillary electrophoresis based sequencing using the 
Molecular Dynamics MegaBACE 500 system (Sheldon Biotech). The wP ABC2 sample 
was prepared as described ab ove, but PreScission protease (Amersham Biosciences) was 
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used to cleave the recombinant protein from the GST -tag. Characterization of wP ABC2 
by ESI mass spectrometry confirmed the presence of a 9.4 KDa protein comprising 83 
residues of wP ABC and an N-terminal 5 residue (GLPGS) artifact from the PreScission 
protease cleavage site. 
3.5.2 NMR spectroscopy 
An NMR experiments were acquired at 303K using standard double and triple resonance 
techniques on I5N_ or I5N, 13C-Iabeled samples [132]. Experiments were done on a 
Bruker DRX 600 MHz and Varian Unit y Inova 800 MHz spectrometers. NMR spectra 
were processed using NMR PipelNMR Draw [185]. Evaluation of spectra and manu al 
assignments were completed with XEASY software [139]. Sequential backbone and side 
chain assignments were determined using HNCACB and CBCA(CO)NH [133, 134], 2D 
homonuclear TOCSY, 15N_ TOCSY, H(CC)(CO)NH and C(C)(CO)NH-TOCSY 
experiments. Distance restraints were derived from a 2D homonulcear NOESY and 3D 
I5N-edited NOESY. Additional constraints were found from a 13C-edited NOESY done 
in NMR buffer with 99% D20. I5N_IH hNOE experiments were acquired in an 
interleaved manner with a recycle delay of 4s[186]. Values were measured by taking the 
ratio of peak intensities from experiments performed with and without IH pre-saturation. 
Saturation was achieved using a train of 120° pulses separated by 5 ms for a total 
irradiation time of 3 s. Backbone dihedral angle constraints were obtained based on the 
chemical shift index (CSI) of the assigned backbone IHa, I Hf3, 13Ca and 13Cf3, chemical 
shifts [126] or from the average values predicted by TALOS [187]. 
3.5.3 Peptide synthesis, purification and titration experiments by NMR 
A region corresponding to a PAM-2 motif found in wheat (TIGR TC251957) 16-
SLNPNAVEFVPSCLRS-31 was synthesized by Fmoc (N-(9-fluorenyl)methoxycarbonyl) 
solid-phase peptide synthesis and purified by reverse-phase chromatography on a Vydac 
C 18 column (Sheldon Biotechnology). The samples were lyophilized, quantified, and 
then re-suspended with NMR for buffer for titration studies. The composition and purity 
of the peptide was verified by ion-spray quadropole mass spectroscopy. NMR titrations 
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were carried out by adding aliquots of unlabeled wP AM2 peptide to a. lsN-Iabeled 
wP ABC sample until saturation was achieved. SignaIs were monitored by observing the 
change in chemical shifts of amide signaIs (((L11H ppmi + (L1 1sN ppm x 0.2i)o.s) on an 
HSQC spectra. HNCACB and CBCACONH experiments were carried out for backbone 
reassignment ofwPABC in complex with saturating amounts ofPAM-2 peptide. 
3.5.4 Isothermal calorimetry (ITC) measurements 
Experiments were carried out on a MicroCal VP-ITC titration calorimeter using the 
VPViewer software for data acquisition and instrument control (MicroCal Inc., 
Northampton, MA). NMR buffer (as described ab ove) was used for the ITC experiments. 
A degassed sample ofwPABC thermostated at the desired temperature (15°C) and stirred 
(310 rpm) in a reaction cell of 1.8 ml. Titrations were carried out using a 296 /lI syringe 
filled with the peptide solution. 37 injections at 8 /lI ofpeptide were added to the sample 
with a 5-min interval between injections. Heat transfer (/lcal/s) was measured as a 
function of elapsed time. The experiments were performed with 50 /lM wP ABC solution 
in the cell and 500 /lM peptide solution in the syringe to ensure a final peptide:protein 
molar ratio of 2:1 in the reaction cell. The binding constants and thermodynamic 
parameters were determined as described earlier [157] . 
3.5.5 Analysis ofNMR data and structure calculation 
A set ofunambiguous NOE constraints were extracted from the NOESY spectra and used 
in conjunction with dihedral angle restraints to generate a pre1iminary fold of wP ABC 
using CNS 1.1 [140]. The resulting structures were used as model template for 
automated assignments by ARIA 1.1 [142]. The final 3D structure of wPABC was 
calculated using standard molecular dynamics protocols in CNS 1.1 with a total set of 
1148 constraints (Table 3.1) collected from the experiments described above. In the final 
round of calculations, CNS 1.1 was extended to incorporate dihedral angle and hydrogen 
bond constraints [141] for further refinement. Twenty structures out of one hundred were 
selected based on lowest overall energy and least violations to represent the final 
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structures. PROCHECK-NMR was used to generate Ramachandran plots to check the 
protein's stereo-chemical geometry [145]. Final coordinates were deposited in the 
Protein Data Bank, PDB entry 2DYD. 
3.5.6 Bioinformatics 
Proteins containing the P AM-2 motif were identified through a Basic Local Alignment 
Search Tooi (BLAST) [111] at NCBI (http://www.ncbi.nlm.nih.govlblastD using the 
search for "short nearly exact match" option. The input was a consensus P AM-2 
sequence (-LNP-A-EFVP-) the search limited to Viridiplantae. Default parameters were 
selected inc1uding a P AM30 matrix which evaluates the quality of pairwise sequence 
\ 
alignment. Domain architecture of the identified proteins were found at the NCBI 
conserved domain database [188] and Simple Modular Architecture Research Toois 
(SMART) [189]. Wheat proteins were searched for in The Institute for Genomic 
Research (TIGR) databases using the BLAST search option (http://tigrblasttigr.org/tgi/). 
Multiple sequence alignments of proteins were computed using CLUSTAL W (or 
Boxshade) [146]. 
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Table 3.1: Structural statistics for 20 selected confonners for wheat P ABC 
Constraints used for structure calculation 
Intraresidue NOEs (n=O) 541 
Sequential NOEs (n=l) 242 
Medium range NOEs (n=2,3,4) 122 
Long range NOEs (n>4) 75 
Dihedral angle constraints 107 
Hydrogen bonds 61 
Total number of constraints 1148 
Average RMS difference to mean structure (À) for residues 16-79 
Backbone Atoms 0.465 ± 0.17 
Average energy values (kcal morl) 
Etotal 411.16 ± 5.28 
Ebond 15.78 ± 1.02 
Eangle 96.58 ± 2.50 
Eimproper 21.23 ± 0.50 
EVdW 134.14 ± 8.01 
ENOE 111.36 ± 11.56 
Edihedral 32.06 ± 6.62 
Deviation from idealized covalent geometry 
Bonds (À) 0.0035 ± 0.0001 
Angles (0) 0.5195 ± 0.0093 
Improper (0) 0.4756 ± 0.0104 
RMS deviation from experimental data 
Distance Restraints (À) 
Dihedral Angle Restraints (0) 
0.048 ± 0.004 
1.567 ± 0.169 
Average Ramachandran Statistics for 20 lowest energy structures 
Residues in most favoured region 80.8% 
Residues in additional allowed regions 15.1 % 
Residues in generously allowed regions 4.1 % 
Residues in disallowed regions 0.0% 
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Chapter4 
The role of the P ABC domain in mRNA metabolism 
Nadeem Siddiqui, David A. Mangus, Jeanne-Marie Palermino, and Kalle Gehring 
(manuscript in preparation). 
The work presented in this chapter is my own. Dr. D. Mangus in the laboratory of Dr. A. 
Jacobson from the University of Massachusetts provided the fulllength yeast poly (A)-
nuclease clones. Isothermal calorimetry experiments and titration studies by NMR with 
human PABC and PAN3 were carried out by Jeanne-Marie Palermino, an undergraduate 
summer student under my supervision. 
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4.1 Abstract 
The following chapter characterizes the interaction between yeast poly (A)-nuclease 
(PAN) and yP ABC by NMR spectroscopy and isothennal calorimetry. Their interaction 
occurs through a variation of the typical PAM-2 sequence observed in higher eukaryotes. 
We also characterized the interaction between a P AM -2 peptide from human PAN and 
the hP ABC domain, demonstrating their interaction in higher eukaryotes for the first 
time. A P ABC interacting site in poly (A)-nuclease is found throughout fungi and 
eukaryotic species indicating an evolutionarily conserved interaction with P ABP. These 
results implicate a significant role for the P ABC domain in mRNA metabolic processes 
and give further insight into P ABP's function in mRNA biogenesis, export and turnover. 
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4.2 Preface 
In the nucleus, yeast P ABP is involved in multiple steps of poly (A)-metabolism. P ABP 
is not directly involved in the cleavage reaction but plays a more direct role in poly (A)-
length control through its association with poly (A)-nuclease (PAN) [33, 190]. PAN is a 
PABP dependent exoribonuclease consisting oftwo subunits: PAN2 and PAN3. PAN2 
contains the 3'-5' poly (A)-nuclease activity and PAN3 serves as the binding interface for 
PABP which are both positive activators for PAN2 activity [32, 33]. Yeast PABP 
interacting factor 1 (Pbp 1 p) was identified as a negative regulator of PAN [119] as it 
disrupts PAN association with PABP to prevent premature poly (A)-cleavage [33, 119]. 
Initially, poly (A)-tracts are synthesized to defaults lengths but are then trimmed to an 
appropriate or message specific length which is important for efficient P ABP dependent 
mRNA export [191]. Previous work demonstrated that final trimming of the 3'-tail, 
proper loading of mRNA, and interaction with export factors point to yeast PABP's 
nuclear function as a mediator ofmRNA biogenesis and export [44, 155]. The nuclear 
functions associated with P ABP haye been well characterized in yeast, but are not as 
clear in metazoan systems. However, recent work has demonstrated that in mammalian 
cells, PABP associates with the poly (A)-tail ofunspliced pre-mRNA, co-immunopurifies 
with P AP, and remains on the transcript during the pioneering rounds of nonsense-
mediated decay [151]. In this context, mammalian PABP was suggested to be involved 
in pre-mRNA processing, stability, and quality control. 
In contrast to the nucleus, shortening of the poly (A)-tail in the cytoplasm is associated 
with transcript silencing or, more generally, signaIs the start of mRNA turnover. 
Deadenylation is the rate limiting step in mRNA decay [98, 192], followed by removal of 
the 5'-cap, and then complete exonucleolytic degradation by 3'-5' and 5'-3' 
exoribonucleases. The principal deadenylating enzymes in yeast are identified as Ccr4 
and PAN. Homologues of these enzymes are found in metazoans including an additional 
poly (A)-specific ribonuclease (PARN) [193] that is not found in yeast. An interesting 
aspect of the deadenylation system is P ABP's role in this process. A principal function 
of PABP is to protect mRNA by binding to its 3'-poly (A)-tail [105] and physically 
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limiting the access of the deadenylases and/or by directly inhibiting them [60]. However, 
in sharp contrast to Ccr4 and P ARN, PAN is highlighted by the fact that its activity is 
stimulated by PABP. PAN preferentially degrades poly (A)-RNA in the presence of 
PABP and its activity is not affected by the 5'-cap on mRNA. In comparison to yeast, 
human PAN is exc1usively found in the cytoplasm and therefore is only thought to 
function in cytoplasmic deadenylation [32]. 
4.3 Results 
4.3.1 Human P ABC and poly (A)-nuc1ease interaction 
An earlier study by Uchida et al. demonstrated that the human poly (A)-nuc1ease (PAN) 
complex associates with P ABP through its PAN3 subunit. The N-terminus of PAN3 is 
required for binding P ABP and its C-terminus necessary for binding the P AN2 subunit 
[32]. Our primary sequence analysis of the N-terminal region ofhuman P AN3 revealed a 
site highly similar to the P ABC interacting motif, suggesting the N-terminus of hP AN 
interacts specifically with the C-terminal domain of P ABP (Figure 4.IA). To test this, a 
peptide sequence corresponding to the P AM-2 motif in hP AN was synthesized and 
binding properties to the human P ABC domain was completed by NMR spectroscopy 
and isothermal calorimetry (ITC). 
An isotopically 15N-Iabeled human PABC (NCBI: NP _ 002559, residues 498-636) sample 
was titrated with the peptide until saturation was achieved. Changes in chemical shifts 
were monitored by 15N_1H HSQC experiments (Figure 4.2A). An intermediate exchange 
regime was observed, as sorne peaks disappeared or broadened over the course of the 
titration and reappeared at different parts of the spectrum at higher peptide 
concentrations. A 15N-NOESY was completed on the saturated hP ABC-PAN sample to 
reassign select residues. The amide chemical shift for each residue in hP ABC was 
determined before and after saturation and the difference plotted as a function of residue 
number (Figure 4.3A). M69, E72 and F75 of helix 0,2 showed significant shifts 
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Figure 4.1: Sequence alignment ofPAM-2 sites from poly-CA) nuc1ease in metazoan and 
fungal species. (A) P AM-2 sequence from P ABC interacting proteins: eukaryotic re1ease 
factor 3 (eRF3), P ABP interacting proteins 1 and 2, ataxin-2, and Tob2. Each protein has 
been shown to interact with P ABP either in vivo or in cell extracts. Consensus metazoan 
P AM-2 is shown below alignment followed by the P AM-2 site from select metazoan poly 
(A)-nuc1eases. Conserved residues from the P AM-2 consensus are highlighted. Boxed in 
is the P AM-2 peptide from hum an PAN3 (residues 22-38) synthesised for binding studies 
with hP ABC. (B) PAM-2 site from PAN3p in fungal species. Residues with similarity 
to metazoan P AM-2 sequence are highlighted. A peptide corresponding to residues (138-
162) from yeast P AN3p was c10ned and expressed for further binding studies. 
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between 0.16-0.25 ppm. The major shifts, ranging between 0.24-0.57 ppm, occur within 
the KITGMLLE motif of helix a3 including residues K88, M92, and E95. Helix a5 also 
shows significant shifts from 0.16-0.41 ppm, the largest of which is H125. The 
aforementioned residues and helices a2, a3 and a5 define the peptide binding pocket, 
illustrating that the hP AN3 PAM-2 sequence binds to hP ABC in a manner consistent 
with other PAM-2 containing proteins [157]. 
A thermodynamic profile of the interaction of hP ABC with hP AN3 was determined by 
isothermal calorimetry (ITC). A dissociation constant of ~40~M was calculated for P ABC 
and PAN interaction, consistent with the slow to intermediate exchange observed in the 
NMR titration experiments (Figure 4.2B). The changes in enthalpy (~H) and entropy (~S) 
were -18.5 kCal and -44.1 kCal, respectively. The binding of hP AN3 to hP ABC was 
exothermic and accompanied by a loss of entropy. This suggests that both hP ABC and the 
peptide become more structured upon binding thus increasing the order in the system. All 
values are consistent with the thermodynamics and affinity of hP ABC-peptide interactions 
from previous studies [157]. 
Unique to metazoans, a P ABC domain is found in only one other protein; the hyperplastic 
discs tumor suppressor gene (HYD). HYD is an E3 ubiquitin ligase implicated in 
developmental and cell cycle regulatory processes [194, 195]. The structure ofPABC from 
human HYD [115] is very similar to the domain found in PABP (RMSD 1.2À). In 
addition, both can bind the PAM-2 motif found in Paipl, Paip2, RF3, ataxin-2 and Tob2 
with high affinity (detailed in Chapter 5). However, binding of the human P AN3 peptide to 
HYD was not observed by ITC. Under the NMR conditions, peptide binding was 
approximately 1000 fold weaker. This implies a slight difference in sequence specificity 
between the domains. A notable difference between P AM-2 found in PAN and other 
PAM-2 sequences is a proline substitution for the leucine at position 4 (Figure 4.1A). This 
suggests that the leucine in P AM-2 may play an important role in stabilizing the HYD 
interaction; however, additional experiments would be required to further explain this. 
73 
(A) 
KTPNPTASEFIPKGGST 
(8) rime (min) 
0 33 67 100 133 167 200 233 
0.05 
0.0 
0 105 
'" 
al -0.1 
se 
~ ~!iI 11 Iii -0.1 1..) 
il 110 ::L -0.2 Ii$ 
ê 
-0.2 
Ê '" Il> ,. Il< 0. 
.s liP 115 ~ ~$, 
Z ,. liP Q 0 
1.0 
..... 
'* 
120 ë 
~ ~ 
, $" Q) :5' .. 0** !{IQ '0 -2 
& '" 125 
-Il1O 1If", ..92 ~ 0 
:§ 
130 11 
9.00 8.00 7.00 -4 0.0 1.0 2.0 3.0 4.0 5.0 
1H (ppm) Molar Ratio 
Figure 4.2: Binding studies of a P AN3 peptide with hP ABC by NMR and isothermal 
calorimetry. The sequence of the peptide used in this study was derived from human 
PAN3 (residues 22-38) as shown above the spectra. (A) lSN_1H HSQC ofhPABC in its 
free form (O.8mM, green) and after addition of excess peptide (1.2mM, orange). (B) 
Isothermal calorimetric thermograph for hP ABC titration with P AN3 derived peptide. A 
22f..tM solution of hP ABC was titrated against a 215 f..tM solution of the peptide at 30°C. 
Assuming al: 1 binding model, a dissociation constant of ~40 f..tM was calculated. 
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Figure 4.3: A comparison ofhuman and yeast PABC peptide binding surfaces. The plots 
display the difference in amide chemical shift for each residue in the free and peptide-
bound forms. The chemical shift values were mapped on to the structure of each protein 
to define the peptide binding pocket (shown in red for human, and orange for yeast). (A) 
The hP ABC-PAN peptide binding surface, defined by helices a2, a3 and a5, displayed 
typical features as observed for metazoan P AM-2 sequences from other proteins. (B) In 
contrast, only the second and third helices participate in peptide recognition in yeast 
P ABC; however, the position and residues required for peptide recognition are analogous. 
The data indicates that the conserved aromatic residue in the second helix and the 
KITMLLE motif in the third helix are most important for peptide recognition. 
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4.3.2 Yeast P ABC and poly (A)-nuc1ease interaction 
Both metazoan and plant PABC domains bind to a very specifie 15 residue PAM-2 
sequence which can be effective1y used to search for potential binding partners via 
bioinformatic methods [114, 156, 196]. However, PAM-2 containing proteins could not 
be identified in yeast through similarity searches. Yeast P ABC was shown to bind to 
metazoan PAM-2 sequences with much lower affinity (~1000 fold) than hPABC, which 
can be explained by the differences in the yP ABC relative to hP ABC structures [117]. 
These observations suggest that different sequence specificity exists for yeast P ABC. 
Previous studies by Mangus et al. [33] demonstrate that the C-terminal region of yeast 
P ABP is required for interaction with the N-terminal region of P AN3p. Furthermore, 
yP ABC is directly involved in this interaction as mutations within the domain aboli shed 
PAN3p interaction [33]. Similar to the case with human PAN, a yeast P ABC interacting 
site may exist in P AN3p. Given the structural similarities between P ABC domains, it is 
plausible that yPABC recognizes a variation on the typical P AM-2 sequence. As 
determined in the hP ABC-P AM2 complex structure (please see Appendix 1), a necessary 
binding region in the P AM-2 sequence is the C-terminus which contains phenylalanine 
(Figure 4.1A, Fil). This residue in the peptide establishes an essential aromatic stacking 
interaction with the lone aromatic residue found in the human PABC domain [157]. 
Through sequence analysis of the N-terminus of yP AN3p, a region similar to the 
consensus PAM-2 was found (Figure 4.1B). A construct was created encompassing this 
site (yPAN3p: NP_012900, residues S138-S162) and was tested for binding with 
yPABC. 
The dissociation constant for the yPABC-yPAM2 interaction was determined to be ~150 
IlM (Figure 4.4B). This affinity is lower than any of the P AM2-P ABC interactions 
observed in metazoans (detailed in Chapter 5). Mangus et al. [33] have shown that a yeast 
P ABP construct consisting of only the C-terminal region (NCBI: AAA34838, residues 406-
577) can interact with fulliength Pan3p via a yeast-2 hybrid screen [33]. Thus, our data 
indicates that this interaction is significantly mediated by the yeast P AM-2 motif in PAN. 
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Figure 4.4: Binding studies of P AN3p with yeast P ABC by NMR and Isothermal 
calorimetry. The sequence of the peptide used for study was derived from yeast P AN3p 
(residues 138-162). (A) 15N_1H HSQC ofyeast PABC in its free form (0.6mM blue) and 
after addition of peptide (l.4mM, red). The peptide was added stepwise to the labeled 
yP ABC until saturation was achieved. An intermediate ex change regime was observed 
for the chemical shifts. (B) Isothermal calorimetrie thermograph for yP ABC titration 
with P AN3p derived peptide. Assuming al: 1 binding model, a dissociation constant of 
~ 150 /-lM was determined. 
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However, additional contacts are likely to occur between both fulllength PAN and P ABC, 
which would increase their overall affinity for each other. As determined by isothermal 
calorimetrie experiments, the changes in enthalpy (~H) and entropy (~S) were calculated at 
-4.3 kcal and +2.34 cal respectively. Similar to hP ABC-PAN3, the binding of yP ABC to 
yP AM2 is dominated by favorable enthalpie effects giving rise to an exothermic reaction. 
In this case, an increase in entropy was found, indicating that desolvation effects most 
likely dominate conformational ordering upon complex formation. A lSN labeled sample 
ofyPABC was titrated with the yPAM-2 peptide and intermediate exchange was observed. 
A lsN-NOESY was completed to re-assign the shifted residues (Figure 4.3B). E26, Q27, 
L28 and Y29 of helix a2 show significant shifts between 0.35-0.85 ppm. Chemical shift 
changes of similar magnitudes were found for helix a3, in particular, residues K44 and 
M48. The chemical shift differences for each residue were mapped onto the structure of 
yP ABC. In contrast to hP ABC, the peptide binding pocket was defined by only he lices a2 
and a3, and a few weak shifts were observed for helix a5. In comparison to other P ABC 
structures, a strong bend exists in the last a-helix of yP ABC. Consequently, this helix 
terminates anti-parallel to helix a3, while helix a5 ofhPABC remains perpendicular. Also 
unique to yP ABC are three aromatic residues present within helix a5 which contribute to 
the hydrophobie core. Altogether, the final helix of yP ABC is less available for peptide 
recognition as demonstrated by the small chemical shifts observed (Figure 4.3B). 
A reverse titration experiment was completed to precisely define the yP AM-2 site 
responsible for binding. A lsN-Iabeled sample of the peptide was prepared and saturated 
with unlabeled yP ABC. Changes in the lSN _IH HSQC of the 30 residue construct (Figure 
4.5) showed that the C-terminal residues (NI47-PI58) form the yPABC binding site. A 
smaller peptide corresponding to this region (Figure 4.4) was synthesized and tested for 
binding. Both NMR and ITC gave comparable results indicating that this is the minimum 
binding region. A notable difference is that the 15-residue peptide from hPAM-2 contact 
helices a2 to a5 (Appendix 1), while the 15-residue yeast PAM-2 peptide only interacts 
with helices a2 and a3 of yP ABC. There is a larger peptide interaction surface in hP ABC. 
Nevertheless, the peptide recognition mechanism in yP ABC is most likely to be govemed 
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Figure 4.5: Mapping the PABC binding site in yeast PAN3p. A PAN3p construct 
(residues 138-162) was prepared as a lsN-labeled fragment. (A) lSN_IH HSQC ofPAN3p 
in its free fonn (blue) and after addition ofunlabeled yPABC (red). (B) The change in 
lSN_IH chemical shifts between free and bound fonns were measured and plotted as a 
function of residue number. The region displaying the largest chemical shifts represent 
the yeast P ABC binding site in P AN3p. A peptide representing the minimal binding 
region (residues 146-161) was synthesised and displayed comparable binding affinities to 
the longer construct. 
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by the aromatic stacking interaction in a similar manner to the hP ABC-P AM2 complex. 
Overall, our results show that yeast PAN contains a sequence variation on the typical 
P AM-2 motif, and that the peptide binding site in yPABC is defined only by the second 
and third helices. 
4.4 Discussion 
In this study, we present an in vitro characterization of the interaction between the P ABC 
domain from P ABP and the P AN3 subunit from human and yeast PAN. The P ABC 
binding motif (P AM-2) in PAN3 is found throughout different species indicating that 
their association is conserved and mediated by the P ABC domain. This interaction 
provides insight into several P ABP related phenomena which were previously observed 
[25]. Multiple experiments in yeast have shown that P ABP mutants lacking the C-
terminal region generate mRNA transcripts with poly (A)-tails exceeding normallengths 
[33, 34, 61, 119, 190]. Our structural studies show that PABC provides the docking 
surface for PAN. Without the P ABP-P AN association, the final steps of poly (A)-
trimming cannot be completed. This also indirectly suggests that the P ABP-PAN 
complex may be necessary for inhibition or displacement of poly (A)-polymerase (P AP) 
from the transcript. PAPis the central enzyme responsible for adding adenosine 
nucleotides to the 3' -tail. Without its displacement, mRNA transcripts result in longer 
poly (A)-tail lengths [28, 29]. Recent experiments have described that trimming of the 
poly (A)-tail to a specific length by PAN is required for efficient P ABP dependent 
mRNA export to the cytoplasm [44, 50]. An incorrectlyprocessed poly (A)-tail results in 
the nuclear retention ofboth mRNA and PABP. Accordingly, the absence ofPABP-PAN 
mediated poly (A)-tail modification explains why C-terminal P ABP deletion mutants 
remain localized to the nucleus [2, 47]. 
Uchida et . al. [32] have demonstrated that PAN is strictly a cytoplasmic protein in 
mammalian cells, suggesting that its nuclear function is a feature unique to yeast [32]. 
The nuclear poly (A)-binding protein (P ABN) is proposed to replace the poly (A)-length 
control functions associated with yeast P ABP in the nucleus. On the other hand, human 
P ABP is found in the nucleus and, similar to yeast, is proposed to participate in the events 
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associated with formation and export of the mRNP partic1e [47]. However the proteins 
involved and mechanism of transport remains unknown. The principal function 
attributed to PAN in the cytoplasm is its role in the mRNA decay pathway. In metazoans 
and yeast, deadenylation proceeds in distinct phases and the first step in mRNA decay is 
the initial trimming of the poly (A)-tail [25, 58]. The Ccr4/Pop complex is considered to 
be the only principal deadenylase that initiates mRNA decay and then, along with other 
3' -5' exonuc1eases, completes the degradation process once the 5' -cap is removed. It 
was suggested that PAN contributes to cytoplasmic mRNA turnover as an alternative to 
the Ccr4/Pop complex. However, PAN can not shorten tails to lengths below ~ 100 
adenylate residues, indicating that it is not the principal deadenylases [197]. It is more 
plausible that PAN is the central enzyme required to initiate mRNA decay since it is the 
only deadenylase stimulated by P ABP. 
Another role for PAN in the cytoplasm could be to control poly (A) tail-Iength as a means 
to control translation and silence mRNA transcripts. In frog oocytes, maternaI mRNAs 
are translationally silenced through a mechanism involving shortening of the poly (A)-tail 
to 20-40 nuc1eotides. These transcripts remain stable due to a cytoplasmic 
polyadenylation element (CPE) located in the 3 'UTR of mRNA. A CPE binding protein 
(CPEB) simultaneously interacts with mRNA and Maskin, a protein which competes with 
eIF4G for binding to eIF4E [198, 199]. The association of Maskin, eIF4E and CPEB 
protects the transcript from de gradation and inhibits translation initiation. Upon specific 
signal activation, a phosphorylated form of CPEB stimulates re-addition of the poly (A)-
tail through recruiting cytoplasmic poly (A)-polymerases [200]. This in turn allows re-
association ofPABP which, together with eIF4G, displaces Maskin to initiate translation. 
This model illustrates the control of translation via the 3' -tail. Since P ARN and 
Ccr4/Pop are the principal deadenylating enzymes, this implicates PAN as a potential 
component required for shortening the pol y (A)-tail. 
From a structure to function point of view, our studies have established P ABC as a 
protein interacting interface that only binds factors containing a specific 15 residue P ABP 
interacting motif. However, a c1ear physiological role for this domain in the cell has yet 
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to be established. P ABP interacting proteins 1 and 2, eukaryotic re1ease factor 3, ataxin-2 
and Tob2 are among the proteins identified containing a P AM-2 sequence. A common 
theme among these proteins is their ability to regulate translation in varying ways: i.e. 
through association or competition with other translation factors or by mRNA 
modification. In summary, these results suggest a physiological role for P ABC in the 
cell, which is to provide a binding site for proteins that regulate translation. This implies 
that a role for PAN in the cytoplasm, other than to initiate mRNA decay, is to regulate 
poly (A)-taillengths as a means to control translation. 
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4.5 Materials and Methods 
4.5.1 Bioinformatics 
Multiple sequence alignments of proteins were computed using DIALIGN [112] and 
CLUSTAL W [146]. PAN3 proteins containing the PAM-2 motif were identified 
through a Basic Local Alignment Search Tool (BLAST) [111] at NCBI 
(http://www.ncbi.nlm.nih.govlblastl) using the 'search for short nearly exact match' 
option. The input sequence used was the P AM-2 sequence identified in yPAN3p or 
human PAN3. Default parameters were selected inc1uding a PAM30 matrix which 
evaluates the quality of pair-wise sequence alignment. 
4.5.2 Protein and Peptide purification 
The region corresponding to putative PAM-2 sites found in yeast PAN3p (NP_012900, 
residues 146-162/679 a.a.) and human PAN3 (NP_787050, 84-100/687 a.a.) was 
synthesized by Fmoc (N-(9-fluorenyl)-methoxycarbonyl) solid-phase peptide synthesis 
(Sheldon Biotechnology) and purified by reverse-phase chromatography on a Vydac C18 
column. The composition and purity of the synthesized peptides were verified by ion-
spray quadropole mass spectroscopy. 
4.5.3 Cloning ofthe yeast PAM-2 site from PAN3p 
The PAM-2 site from yeast PAN3p (NP_012900, residues 138-162/679) was amplified by 
PCR using oligos yPAM2-5F GCGGATCCTCAATACCAAC TACCGCTTCG and 
yPAM2-3R CGGAATTCT TAGGAGGTTGAAGACGGAGTGA from a full length 
PAN3p template [33]. The PCR product was digested with BamHI and EcoR! (sites are 
underlined within above oligos) and c10ned into a pGEX-6P1 GST-fusion vector 
(Amersham Pharmacia). The DNA sequence of the 'yPAM2' plasmid was verified by 
Capillary Electrophoresis based sequencing using the molecular Dynamics Mega BACE 
500 system (Sheldon Biotechnology). 
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4.5.4 Protein purification 
The yPAM2 plasmid containing a longer PAM-2 site was transformed into BL21 Gold 
(DE3) (Stratagene) and expression methods were completed as previously described [156]. 
Peptide samples of unlabeled and isotopically labeled yP AM2 were expressed in either lx 
LB or M9 minimal media containing lSNH4CI (Isotech Inc.). Recombinant GST-yPAM2 
was purified by affinity chromatography using Glutathione Sepharose 4B resin (Amersham 
Biosciences). PreScission protease (2.5 units/mg fusion protein, Amersham Biosciences) 
was added to the batch with PreScission protease buffer and incubated ovemight at 4°C. 
The peptide was collected and further purified by Reverse Phase HPLC. Characterization 
of yP AM2 by ESI mass spectrometry confirmed the presence of a 3001 Da protein 
composing 25 residues of the yP AM site and an N-terminal 5 residue (GLPGS) artifact 
from the PreScission protease c1eavage site. Protein samples of the yeast (residues 491-
577) [117], human PABP [114] and RatlOO/HYD PABC [201] domains were prepared as 
previously described. 
4.5.5 NMR experiments 
For NMR analysis, NMR buffer containing 50 mM NaHP03, 150 mM NaCI, and 1 mM 
NaN3 and 10% D20 at pH 6.3 was added to lyophilized samples of yPAM2a (138-162), 
yPAM2b (146-162), and hPAN3-PAM2 (84-100). NMR titrations were carried out by 
adding unlabeled PAM2 peptides to ~0.8 mM lsN-Iabeled yPABC, hPABC or RatlOO-
P ABC samples at increments of 0.2 mM peptide until saturation was achieved. The spectra 
were monitored by observing the change in chemical shifts of amide signaIs «(~lH ppmi 
+ (~lsN ppm x 0.2)2)0.5) on an lSN_IH HSQC spectra. Since slow to intermediate exchange 
was observed for sorne samples, additional assignments of amide resonances in the P ABC-
P AM2 peptide complexes were completed using lSN-edited NOESY and sN-edited TOCSY 
experiments. 
AlI NMR experiments were acquired at 303K using standard double and triple resonance 
techniques on labeled samples [132]. Experiments were acquired on either a Varian Inova 
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500 MHz or Varian Inova 800 spectrometer. For backbone dynamics analysis, lSN_1H 
heteronuc1ear NOE data were measured by taking the ratio of peak intensities from 
experiments performed with and without 1 H presaturation. All NMR spectra were 
processed using either XWIN-NMR software version 3.1 (Bruker Biospin) or NMR 
pipelNMR Draw [185]. Evaluation of spectra and manual assignments were completed 
with XEASY software [139]. The coordinates of the PABC domains used for analysis 
were taken from PDB entries 1 G9L for hP ABC, 1I2T for HYD and lIFW for yP ABC. 
4.5.6 Isothermal Calorimetry (ITC) measurements 
Experiments were carried out on a MicroCal VP-ITC titration calorimeter using the 
VPViewer software for data acquisition and instrument control (MicroCal Inc., 
Northampton, MA). NMR buffer (as described ab ove) was used for the ITC experiments. 
A degassed sample of yP ABC thennostated at the desired temperature (15°C) was stirred 
(310 rpm) in a reaction cell of 1.8 ml. Titrations were carried out using a 296 /lI syringe 
filled with the peptide solution. 37 injections at 8 ul of peptide were added to the sample 
with a 5-min interval between injections. Heat transfer (/lcal/s) was measured as a function 
of elapsed time. The experiments were performed with 50 /lM protein solution in the cell 
and 500 /lM of P AM-2 peptide solution in the syringe to ensure a final peptide:protein 
molar ratio of 2: 1 in the reaction cell. The binding constants and thennodynamic 
parameters were determined as described earlier [157] . 
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Chapter 5 
Comparative peptide binding studies of the P ABC domains from the E3 
ubiquitin-ligase HYD and poly (A)-binding protein 
Nadia S. Lim, Guennadi Kozlov, Tsung-Cheng Chang. Oliva Groover, Nadeem 
Siddiqui" Laurent Volpon, Gregory De Crescenzo, Ann-Bin Shyu, and Kalle Gehring. l 
Biol Chem, 2006, 281(20):14376-82. 
N.S. Lim, O. Groover, and G. De Cresenzo performed the isothermal calorimetry and 
BIACORE experiments. T-C Chang from the laboratory of A-B Shyu completed GST-
pull down assays (not presented in this chapter). NMR studies were completed by N.S 
Lim, L. Volpon, and G. Kozlov. My contribution to this work inc1uded assisting N.S 
Lim in general molecular and biophysical techniques, and drafting the introduction and 
discussion sections of the manuscript. Additional ITC experiments and bioinformatic 
data that are not in the manuscript are inc1uded in this section. Only relevant figures and 
text were taken from this manuscript to serve as a bridge for the last chapter. 
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5.1 Introduction 
HYD (hyperplastic discs tumor suppressor), its human ortholog EDD (E3 isolated by 
differential display), and RaU 00 are HECT (homologous to E6-associated protein 
carboxyl terminus) E3 ubiquitin ligases. E3 ligases target specific proteins for ubiquitin-
mediated proteolysis. The highly conserved ubiquitinlproteasome pathway controls the 
degradation of many critical regulatory proteins. Targeted proteins are post-
translationally conjugated to a 76-residue ubiquitin moiety through a combined set of 
reactions involving ubiquitin activating (El), conjugating (E2), and ligating (E3) 
enzymes. E3 enzymes physically interact with their substrates and are thus critical 
determinants of the specificity of ubiquitination. Two main groups of E3 ubiquitin ligases 
are the RING finger and the HECT domain ligases [202, 203]. 
In Drosophila, HYD is required for regulation of cell proliferation during development. 
HYD participates in signal transduction downstream of the signaling receptors in order to 
initiate and/or maintain as well as to terminate proliferation [194]. Indeed, it has been 
shown that cells with mutations in HYD fail to properly terminate proliferation, leading 
to tumors. Furthermore, these mutations also result in developmental abnormalities such 
as adult sterility due to germ cells defects [204]. HYD is frequently overexpressed in 
breast and ovarian cancer, supporting a role in cancer development [195, 205]. HYD is 
also involved in DNA damage signaling where TopB1, a target for ubiquitination by 
HYD [206], co-Iocalizes with BRAC1 at stalled replication forks [206, 207]. HYD also 
interacts with the calcium and integrin binding protein (CIB) in a DNA damage-
dependent manner [116]. Finally, HYD is an in vivo substrate for the extracellular signal-
regulated kinases (ERK) 1 and 2 [208]. The ERK pathway is an evolutionarily conserved 
signaling pathway that regulates a variety of cellular processes including cell 
proliferation and differentiation, transcription, and cellular migration [209]. In this 
context, HYD phosphorylation by ERK2 is suggested to modulate its activity [208]. 
Conversely, HYD may control the ubiquitination ofERK2, as this kinase has been shown 
to be ubiquitinated and degraded by the proteasome [210]. The precise relationship 
87 
between HYD and ERK2 currently remams unknown. Despite the accumulating 
knowiedge about HYD, its exact biochemicai roles have yet to be deterrnined. 
Structurally, HYD Iigase contains a ubiquitin associated domain (UBA) at its N-terrninus, 
two nuclear Iocalization signaIs, a zinc-finger UBR domain, a P ABC domain, and the 
HECT E3 ligase domain at the extreme C-terrninus UBA domains can bind mono- and 
poly- ubiquitin chains and are potentially involved in regulation of protein ubiquitination 
[211]. Altematively, they are also thought to act as protein-protein interfaces [212]. 
Following this region are multiple potential nuclear localization signaIs. HYD was 
demonstrated to interact with importin-a through its nuclear localization signal [116]. 
Irnportin-a was suggested to be involved in transporting HYD from the cytoplasm to the 
nucleus. This is consistent with localization data, confirrning that HYD is present in both 
the cytoplasm and nucleus, indicating that it may play a role in the nucleus and shuttling 
processes [116, 194]. Within the second NLS, a zinc-finger UBR box motif was 
identified and recent work established HYD as part of a unique class of E3 proteins that 
recognizes N-degrons (a substrate's de gradation signal) [213]. The PABC domain in 
HYD is a 4 a-helical structure that is virtually identical to that of P ABP (Chapter 1, 
Figure 1.8) [114, 115]. The PABC domain from HYD was previously shown by GST-
pull down assays to bind an extended fragment of Paip1 containing the PAM-2 motif 
[115]. Thus, it was suggested that HYD may bind to other PABP-interacting pro teins 
through similar mechanism as PABP [105]. In addition, positioning ofPABC next to the 
catalytic HECT domain suggests its involvement in substrate recognition for 
ubiquitination by HYD. 
The P ABC domain from P ABP recruits vanous regulatory proteins to the mRNP 
complex through binding of a conserved 12 residue motif P AM-2. In contrast, little is 
known about the specificity or function of the domain from HYD. Here, we use 
isotherrnal calorimetry to show that the P ABC domain from HYD binds P AM-2 peptides 
with micromolar affinity. In addition, NMR chemical shift perturbations were used to 
map the peptide-binding site on P ABC of HYD. Our results show that the structural 
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features of binding on HYD are very similar to the interactions with the domain from 
P ABP, explaining the overlapping peptide specificity and binding affinities. 
5.2 Results and Discussion 
5.2.1 P AM-2 peptide binding surface ofthe PABC domain from HYD 
To study the P AM2-binding properties of the P ABC domain of HYD, the corresponding 
fragment of rat HYD protein (residues 515 to 574) was c10ned and expressed in media 
supp1emented with 15NH4Cl. This fragment corresponds to residues 2393-2452 ofhuman 
HYD with on1y two amino acids differing in their corresponding sequences (E2443D and 
V245 01). The P ABC domain of HYD was previously shown to bind to Paip 1 (residues 
113-480) using GST-affinity assays [115]. To better characterize this interaction, the 
15N-Iabeled HYD fragment was titrated with a shorter fragment of Paip1 (residues 123-
144) containing the PAM2 motif. Addition ofthis peptide caused the appearance ofnew 
signaIs, in intermediate exchange, for HYD residues involved in peptide binding. 
Mapping of chemical shift changes on the available crystal structure of the human HYD 
fragment (Figure 5.1B) c1early indicates that the peptide-binding surface of the PABC 
domain from HYD is analogous to that of its P ABP ortholog (Chapter 1, Figure 1.8B). 
The PAM-2 peptides bind to the PABC domain from PABP involving the same helices 
that are affected in PABC from HYD. Similar results were obtained with the P AM-2 
peptides from ataxin-2 (residues 912-928) and dMAP 205kDa (residues 234-250), 
confirming the existence of a well-defined P AM2-binding site on the HYD P ABC 
domain. 
5.2.2 Specificity ofPAM-2 recognition by EDD and PABP 
The P AM-2 motif displays a unique sequence (please see Appendix A1.3 & A1.4) which 
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ASI 162. 
Figure 5.1: Peptide mapping studies for PABC domain in HYD. (A) 15N)H chemical 
shift differences between free and Paip 1 bound forms plotted as a function of residue 
number. A cartoon schematic of a-helices is shown above and primary sequence below 
graph. The N-terminal is shown from the top and C-terminal at bottom. (B) Chemical 
shift values were plotted on structure to define peptide binding surface on HYD. 
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was used to search metazoan genomic databases for potential P ABC ligands. In addition 
to proteins known to interact with P ABP the screen identified: ataxin-2, a nuc1eic acid 
helicase HELZ, poly (A)-nuc1ease, anti-proliferative proteins Tob 1 (transducer of Erb 1), 
and Tob2, the deubiquitinase USP-I0, shuttle craft NF-Xl/FAPl, Down's syndrome gene 
product TPRD/TTC3, and Drosophila microtubule associated protein dMAP205. To 
address the differences in specificity for P ABC in HYD and P ABP, binding constants 
were measured for both domains towards P AM-2 peptides derived from confirmed and 
potential binding partners (Figure 5.2). 
Most of the tested peptides bind to HYD P ABC with low micromolar affinity, which is 
typical of P ABP and PAM-2 interactions. This suggests that all the identified proteins 
are potential physiological partners ofHYD and PABP. The affinity ofPAM-2 peptides 
towards HYD is generally weaker than towards P ABP with notable exceptions for Tob2 
(251-267) and USPI0, which bind both domains with similar affinity. The largest 
differences (more than 1 ° fold higher affinity for P ABP) were observed for the Paip2, 
ataxin-2, and Tob2 (131-147) peptides. The Tob2 (131-147) sequence was the only one 
that did not bind HYD. Furthermore, the peptide from human P AN3 also did not interact 
with HYD. Sequence analyses of each peptide show that between the interacting and 
non-interacting peptides for HYD, the only difference is at the consensus Leu-5 position 
(Figure 5.2). From the P ABC complex structure, Leu-5 inserts itself into a hydrophobic 
pocket formed by helices a3 and a5 (Appendix, Figure A1.1 and A1.2). Although, the 
structure of P ABC from HYD and P ABP are highly similar, it is plausible that a tighter 
pocket in HYD may impede the insertion of a bulkier side chain, as is found in PAN and 
Tob2-(131-147). Further studies would have to be completed to address these issues. 
These results exc1ude P AN3 as a potential in vivo target for HYD. Overall, while 
differences exist, the data demonstrate a great deal of overlap in P AM-2 binding by HYD 
and P ABP and a potential crosstalk in their in vivo interactions. 
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PAM-2 Consensus HYD 
- -S- :[,NP-A-EF*P- -- PABP HYD PABP 
Paip-1 APSKLSVNAPEFYPSGY 1.4E-6 3.4E-6 2.4 
Paip-2 VKSNI.NPNAKEFVPGVK 4.0E-7 6.0E-6 15 
RF3a FSRQLNVNI1RPI'VPNVH 3.9E-6 5.0E-6 1.3 
RF3b KPFVPNVH~AErvPSFL 3.1E-6 No NIA 
'l'ob2a IKSSFNPDAQVFVPIGS 8.4E-5 No NIA 
'l'ob2b P QSQLSPNAKEsf'VYNGG 2.0E-5 1.2E-5 0.6 
Ataxin-2 RKS'l'LNPNAKEFNPRSF 6.8E-7 9.9E-6 15 
205K-MAP NHSQLNPNAVA!'Vl?GVG 3.0E-6 1.lE-5 3.7 
USP10 ISS'l'LNPQAPEFILGC'l' 3.9E-6 3.9E-6 8.5 
NF-Xl SASKLQASAPEFVPNFA 7.6E-6 1.2E-4 16 
'l'PRD VKLQI"NPAAREFKPDVK 6.9E-6 3.7E-5 5.4 
PAN3 RQK'l'PNP'l'ASEFIPKGG 4.0E-5 No NIA 
BELZ K'l'YVl"NPLi11,PEli'IPRAL 
Figure 5.2: Comparative binding studies between P ABC domains by ITC. (A) P AM-2 
peptides sequences are aligned and the most conserved residues shown in color. The 
peptides were derived from (NCBI GI entries in brackets): Paipl (17061092), Paip2 
(71297356), eRF3 (46094014), Tob2 (7706739), ataxin-2 (51479160), dMAP 205kDa 
(126746), dNF-Xl (11359837), USPI0 (1136438), TPRD/TTC3 (49640011), PAN3 
(68303558) and HELZ (63100352). ~ ()lM) values are shown in column 1 and 2 and 
relative affinity in column 3. 
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Chapter 6 
The P ABC domain: a link between RNA metabolism, translation, and 
ubiquitination pathways 
Nadeem Siddiqui and Kalle Gehring (manuscript in preparation). 
The following chapter is a modified version of a manuscript which will be submitted as a 
review article. This section will serve as the thesis summary and speculates on the 
overall connection between PABP, HYD, and PAM-2 proteins in mammalian systems. 
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Prologue 
The gene expression pathway begins in the nucleus with modification of chromatin to 
make DNA accessible for transcription and then proceeds through a number of stages. 
These stages include: initiation of transcription, synthesis of RNA, transcript termination, 
mRNA processing, export to the cytoplasm, protein synthesis, and eventual turnover of 
the genetic message by mRNA and protein degradation. Many of these processes are 
viewed or presented as discrete pathways. However, the body of evidence indicates that 
multiple steps in gene expression are actually coordinated and mechanistically coupled 
rather than sequential. Our work has focused on P ABP, an essential protein involved in 
the many steps of the gene expression pathway. P ABP, a RNA binding protein, is 
principally characterized as a translation factor which acts as a scaffold for proteins to 
stabilize the mRNP-transiationai compIex. In addition, P ABP plays an important role in 
additionai steps of the gene expression pathways including mRNA biogenesis, export and 
turnover. 
Thesis summary 
This thesis investigated the structural features of the C-terminal region of P ABP from 
various species by nuclear magnetic resonance (NMR) spectroscopy. Prior to our work, 
the confirmation and function of C-terminal P ABP was unknown. We have found that 
this region contains a unique and phylogenetically conserved structural domain (P ABC) 
consisting of 4 or 5 a-helices which recognize a short but very specific 15 residue amino 
acid sequence (PAM-2 motif). The PAM-2 motifis highly similar within parasite, plant, 
and animal species. The human PABC-PAM-2 complex revealed that the PAM-2 motif 
binds as a series of p-turns to key residues within helices a2, a3, and a5 (Appendix 1). 
Sequence analysis and our peptide surface mapping studies in different P ABC domains 
(Figure 6.1) show that these residues are highly conserved indicating an analogous 
mechanism of peptide recognition throughout animal (Chapter 1), parasite (Chapter 2), 
and plant species (Chapter 3). An exception to these observations was found in the 
PABC domain from Saccharomyces cerevisiae PABP. Yeast PABC recognizes a 
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Figure 6.1: The family of P ABC structures. From left to right, ribbon diagrams of: human P ABC domains from P ABP and HYD, and 
P ABC domains from wheat, T. cruzi, and yeast P ABP. N-terminal helices are shown in blue to C-terminal in red. Below the ribbon 
structures are the peptide surface mapping studies on the same domains completed by NMR spectroscopy. Colored regions indicate 
residues most shifted upon peptide binding. 
variation of the typical PAM-2 sequence (Chapter 4). In addition, the interaction in yeast 
is mediated only by helices a2 and a3, likely through an aromatic meditated peptide 
recognition mechanism similar to human P ABC. 
P ABP does not possess any catalytic activity. The broad range of functions associated 
with P ABP are due to its ability to bind simultaneously the poly (A)-tail of mRNA and to 
act as scaffold for other proteins. The P ABC domain provides an additional binding 
interface for proteins containing a P AM-2 sequence. The P AM-2 motif encloses 
conserved residues that give a unique signature sequence. Through a bioinformatics 
examination of multiple genomic databases, including plants, trypanosomes, and 
metazoans, this sequence was successfully used to identify binding partners for P ABC. 
A notable observation was that each kingdom has P AM-2 proteins which share no 
homology to each other. However, all share common features that implicate their 
function in either mRNA metabolism or translation, implying that unique P ABP 
regulatory mechanisms have evolved in different kingdoms. 
Regulation of PABP in translation by PAM-2 proteins 
In mammals, a limited set ofproteins contain PAM-2 sites. They include: Paipl, Paip2, 
eRF3, poly (A)-nuclease, HELZ, ataxin-2, Tobl, Tob2, USPI0, TTC3/TPRD, and NF-
XlIFAPl. The interaction between PABP with Paipl, Paip2, and eRF3 has been well 
characterized in metazoan systems. During the course of this work, other groups have 
confirmed the interaction between ataxin-2 [176], Tob [181], and PAN with the C-
terminal domain of PABP [32, 33, 197] either in cellular extracts or in vivo. A notable 
observation is that each of the characterized proteins influences P ABP dependent 
functions via different mechanisms. For instance, eRF3 through eRFI and P ABP 
modifies the 3'-UTR of mRNA bringing the 5' and 3' termini closer [90]. The 
interaction between Paip 1, P ABP, and other initiation factors helps stabilize the mRNP 
complex [95]. Through these occurrences, both eRF3 and Paip 1 assist in promoting 
translation. In mammalian systems, P ABP enhances PAN activity which is required to 
initiate mRNA decay [32, 197]. Paip2 physically displaces and sequesters PABP from 
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the poly (A)-tail [99, 100]. Tob disrupts the formation of the initiation complex 
preventing association of the 60S ribosomal subunit [181]. Finally, ataxin-2 provides an 
additional scaffold for other RNA binding proteins to staIl translation [175, 176]. These 
last four proteins either staIl or shut down translation. An important aspect from these 
studies is that it suggests that P AM-2 proteins are recruited to the mRNP translational 
complex through P ABP and compete for the same binding site. Interestingly, sorne 
P AM-2 proteins are not part of the core translational machinery, but are accessory 
proteins which apparently have evolved to assist, regulate, or expand P ABP function in 
translation or mRNA decay processes. By extension, we predict that the uncharacterized 
P AM-2 proteins are likely ban a jide PABP binding partners and will behave similarly. 
A PABC domain in an E3 ubiquitin ligase 
In metazoans, one of the more intriguing observations is the existence of a P ABC domain 
within HYD, a HECT E3 ubiquitin ligase. Other than P ABP, this is the only protein that 
contains a P ABC domain. The binding properties of P AM-2 peptides from proteins 
identified in our bioinformatic search were tested on HYD and P ABP. The P ABC 
domains from both proteins employ the same surface features to interact with the P AM-2 
motif and have a large degree of overlap in their binding specificity (Chapter 5). This 
suggests that both HYD and P ABP share common binding partners in the cell. 
Cross-talk between PABP and HYD to regulate mRNA stability 
Other recent studies have verified the interaction between HYD and Tob in cell extracts 
[214]. Tob pro teins can be multi-ubiqutinated and degraded by the proteasome pathway 
[215], although it is unknown if this occurs through HYD. Tob proteins prevent cell 
growth by suppressing cyc1in Dl expression, while ERKI- and ERK2-mediated Tob 
phosphorylation negative1y regulates its anti-proliferation activity. HYD and Tob2 are 
targets for the mitogen-activated ERK2 kinase [208, 216] indicating that both proteins are 
part of a re1ated signaling pathway involved in controlling cell cycle progression. 
Intriguingly, Tob proteins positively regulate the human homologue of yeast Caf!, a 
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component of the Ccr4 complex which contains deadenylating activity [217]. This 
complex is essential for spermatogenesis and embryonic development [218, 219]. Tob, 
which suppresses translation via PABP [181], can simultaneously interact with Cafl and 
P ABP. Disruption of P ABP and Tob interaction leads to the retardation of CCR4/Cafl 
mediated deadenylation [220]. It has recently been shown that cytoplasmic 
deadenylation is biphasic as a result of sequential interaction of PAN and CCR4 
nucleases [220]. This leads to a model (Figure 6.2) which suggests that PAN3 is first 
recruited to the mRNP by P ABP to initiate mRNA decay and Tob subsequently displaces 
PAN and recruits CCR4/Cafl to continue the deadenylation process. Both P AN3 and 
Tob2 bind P ABP via their P AM-2 motifs; however, only Tob can be recognized by HYD. 
As an added level of control, it is plausible that HYD competes with P ABP to 
ubiquitinate Tob2 as a me ans to stimulate P ABP translational activity and overall mRNA 
stability. 
Targeting of PAM-2 proteins by HYD 
Very recent studies have demonstrated that HYD targets Paip2 for ubiquitination leading 
to degradation through the 26S prote as orne [221]. A model was postulated describing 
Paip2 as an effector of P ABP homeostasis. When P ABP levels are depressed, Paip2, 
which is bound to the higher affinity site of P ABP, is released and subsequently 
ubiquitinated by HYD. As Paip2 levels decrease, the activity of P ABP is restored by a 
positive feedback loop. The physiological significance of this mechanism is suggested to 
regulate overall PABP activity. Both HYD [195, 205] and Paip2 are effectors of cell 
cycle control [103]. Hence, it would be of interest to understand the interplay between 
the two and P ABP during cellular development and differentiation. A significant aspect 
of this study is that sorne P AM -2 proteins are potential targets for ubiquitination by HYD 
to regulate P ABP. In addition, the study demonstrates that both HYD and P ABP 
compete for the same binding partner. Interestingly, ubiquitination by HYD did not 
extend to aIl PAM-2 proteins. The same study reports that Paipl and eRF3 are not 
degraded in P ABP-knockdown cells. However, previous work demonstrated that P ABC 
from HYD can interact with Paip 1 in cell extracts [115]. Paip 1 and eRF3 were perhaps 
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Figure 6.2: A model illustrating biphasic deadenylation of mRNA mediated by PABP, 
HYD, PAN and Tob2. PAN is recruited by the P ABC domain of P ABP to the 
translational complex to trigger decay of cytoplasmic mRNA. Tob competes with PAN 
for binding to P ABC and subsequently recruits Ccr4/Cafl to initiate the second 
deadenylation step. HYD and/or ERK2 targets Tob2 to mediate entry into the second 
deadenylation phase. After the second phase, the mRNA transcript is deadenylated by 5'-
3' and 3' -5' exonucleases. 
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protected from ubiquitination by stabilizing interactions with other proteins such eIF4A 
[96] and eRFl respectively [90]. It is also plausible that the P AM-2 motif is not 
sufficient for degradation or that another factor is required for specifie ubiquitination of 
Paipl and eRF3. Altemative1y, PAM-2 proteins may be recruited by HYD to exp and or 
modulate its function through different mechanisms as observed with P ABP. 
PAM-2 proteins involved in the ubiquitination pathway. 
A more complex pathway of regulating P ABP and/or HYD function via ubiquitination 
processes are likely to exist. There are three P AM-2 containing proteins implicated in the 
ubiquitin pathway: ubiquitin specific protease (USP)-lO, the Down's syndrome gene 
product TTC3/TPRD, shuttle eraft NF-XlIFAPl. The function of TTC3/TPRD is 
unknown, however it is one of the candidate genes that may contribute to Down's 
syndrome [222, 223]. TTC3 is expressed ubiquitously in the early stages of embryonic 
development and progressively becomes restricted to the nervous system [224]. 
Similarly, very little is known about NF-Xli FAPl, but it is proposed to play an essential 
role in the completion of embryonic development. Both proteins contain a RING E3 
ligase, suggesting that they may target proteins for ubiquitination. Altematively, proteins 
such as promyeloeytie leukemia protein (PML) and arena-virus Z both eontain a RING 
domain that direetly binds to eIF4E with high affinity and inhibits the formation of the 
translation pre-initiation eomplex [225]. Henee, it is plausible that TTC3/TPRD and NF-
Xl/FAPI eould regulate translation in a similar manner. USP-lO is a deubiquitinating 
enzyme that assoeiates with a Ras-GAP SH3 binding protein (G3BP)[226]. G3BP is not 
a substrate ofUSP-lO, but inhibits its ability to disassemble ubiquitin ehains. G3BP is an 
endoribonuc1ease whieh targets the 3' -UTR for mRNA degradation [227] and important 
for eell proliferation [228]. Recent evidence proposes G3BP as an effector of stress 
granule assembly [229]. Sinee USP-10 is a likely binding partner of HYD and P ABP 
(which is also found in stress granule assembly) [230], understanding the relationship 
between G3BP, ubiquitin pathways, and the formation of stress granules would be of 
great interest. 
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The role of ataxin-2 in translation and mRNA export 
Another P AM-2 protein involved in translation, mRNA related processes, and cell 
development is ataxin-2. Ruman ataxin-2 is the spinocerebellar ataxia type 2 (SCA2) a 
gene product. This protein is implicated in the family of neurodegenerative disorders 
characterized by the expansion of a polyglutamine tract. The C. elegans ataxin-2 
ortho log is an abundant protein required for development of the germline [175]. Ataxin-2 
binds to P ABP and recruits other RNA binding proteins, such as GLD-l, MEX-3, and 
A2BP (ataxin-2 binding protein), to the mRNP complex [175,176,231]. GLD-l and 
MEX-3 both bind to the 3'-UTR ofmRNA. The absence ofataxin-2 results in the 10ss of 
GLD-l and MEX-3 mediated translation repression, which results in reduced cellular 
proliferation. This implicates ataxin-2 as an important translational regulator; however, 
its function may not be limited to translation. The A2BP-ataxin-2 complex is proposed to 
be involved in RNA transport in neurons.[232]. Remarkably, both P ABP and ataxin-2 
accumulate in distinct cytoplasmic foci that represent an mRNA body. Together, this 
implies that ataxin-2/ A2BP and P ABP could be involved in neuronal granule formation 
for RNA transport in neurons. Interestingly, it is suggested that neuronal cytotoxicity of 
ataxin-2 with expanded polylysine tracts results from altered RNA transport function 
[232]. A distant relative of ataxin-2 is Pbplp, a yeast C-terminal PABP binding protein 
that regulates PAN activation and deadenylation of mRNA. In this case, shortening of 
the poly (A)-tail is required for efficient mRNA transport out of the nucleus. Both Pbplp 
and Ataxin-2 share an Lsm (Sm like) domain which is predicted to bind RNA. Renee, it 
is possible that both share a conserved function in regulating poly (A)-taillength via their 
interaction with P ABP, as a means to control either mRNA decay or export. 
Epilogue 
There is considerable circumstantial evidence linking RNA metabolic, translational and 
ubiquitination pathways. For example: several ribosomal proteins are made as ubiquitin 
fusions which are only removed after ribosome assembly [233]; the ribosomal L28 is 
ubiquitinated in a cell-cycle dependent manner [234]; sorne 30% or more of newly 
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synthesized proteins are targeted and degraded through the proteasome [235, 236] in a 
process which is likely co-translational [237]. More generaIly, there is an ancient link 
between RNA metabolism and protein degradation. Numerous examples exist of domains 
shared between RNA binding proteins, proteins degradation, and ubiquitin signaling 
pathways [238]. ExperimentaIly, ubiquitination has been shown to be involved in 
regulating mRNA stability [239] and nuclear export [240-242] in processes which are 
again linked to translation. 
There are a broad range of functions associated with each of the identified P ABC 
interacting proteins. A common theme among them is their role in cell cycle regulatory 
processes. These observations suggest that P AM-2 pro teins have evolved to regulate the 
expression of particular genes to control essential processes such as cell growth, 
development, and proliferation. As potential in vivo binding partners of both P ABP and 
HYD, this thesis concludes with a model illustrating a unique and dynamic cross-talk 
between translation, mRNA metabolic, and ubiquitination processes (Figure 6.3). 
OveraIl, from a functional standpoint, our studies establish the P ABC domain as a central 
mediator in major pathways involved in gene expression. 
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Figure 6.3: A cross talk between gene expression pathways mediated by the PABC domain and their binding partners. The PABC 
domain and P AM-2 motif are shown as red ovals. Nucleic acid binding domains and protein interaction modules are shown in green 
and blue, respectively. Modules involved in the ubiquitination pathway are shown in yellow. 
Appendix 1 
Structural basis of ligand recognition by P ABC, a highly specifie 
peptide-binding domain found in the poly (A)-binding protein 
Guennadi Kozlov, Gregory De Crescenzo, Nadia S. Lim, Nadeem Siddigui, David 
Fantus, Avak Kahvejian, Jean-Francois Trempe, Demetra Elias, Irena Ekiel, Maureen 
O'Connor-McCourt, Nahum Sonenberg and Kalle Gehring. EMBO J 2004, 23(2):272-
281. 
Selected figures are taken from the manuscripts listed above to highlight important points 
which are referred to in the thesis. This appendix describes the mechanism of peptide 
recognition of hP ABC as determined by its complex structure with a P AM-2 peptide. 
My contribution to this work included generation, expression, and characterization of the 
hP ABC and Paip2 constructs used for the structure determination and kinetic studies. 
Additional ITC and NMR data with a mutant hP ABC domain were completed by me and 
are included in this section but not reported in the manuscript. 
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A1.I Comp1ex structure ofhPABC and PAM-2 peptide 
The peptide binding chemical shift analysis for hPABC (Chapter 1, Figure 1.8), 
demonstrated that a P AM-2 peptide binds to helices a2, a3 and a5 through residues 
which are highly conserved in all P ABC domains. To gain further insight on the 
mechanism of peptide recognition, the solution structure of hP ABC in complex with a 
PAM-2 peptide derived from human Paip2 was solved. The PAM-2 peptide binds to 
PABC as a pair oftwo ~-turns (Figure ALI) to helices a2, a3 and a5. To elaborate, 
the N-terminus of the peptide sits between helices a3 and a5 P ABC. Hydrophobic 
contacts are made by Leu-3 which is inserted into the pocket formed by residues in helix 
a3 and a5 (Figure A1.2). In addition, Ala-7 at the end of the first turn makes contact 
with he1ix a3. The second ~-turn ofthe peptide interacts more towards the N-terminus of 
P ABC. The invariantly conserved Phe-10 residue of the peptide inserts into the 
hydrophobic pocket between helices a2 and a3 and stacks against the lone aromatic 
residue, Phe-22, of hP ABC. The more variable far C-terminus of the peptide makes 
contacts with helix a2. In addition to aromatic and hydrophobic contacts, the complex 
also shows a nice example of charge complimentarity. In the free form of P ABC, the 
highly conserved residues Glu-42 and Lys-35 of the KITGMLLE sequence in helix a3 
make an intermo1ecu1ar salt bridge (Figure A1.2). In the complex, the salt bridge is 
broken and is replaced by two new intermolecular salt bridge invo1ving the central 
residues Lys-8 and Glu-9 of P AM-2 (Figure A1.2). Overall, the structure shows a novel 
mode of peptide recognition in which the peptide binds as a pair of ~-turns mediated by a 
combination ofhydrophobic, electrostatic and aromatic stacking interactions. 
AI.2 Role of the first helix in hPABC 
Helices a2, a3 and a5 showed a relative1y small adjustment upon peptide binding. In 
contrast, helices a 1 and a4 underwent a large conformational shift to accommodate the 
peptide and avoid steric clashes. This lead to a significant change in the structure of the 
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Figure A1.1: Complex structure ofhuman PABC domain with PAM-2 peptide from Paip2. 
(A) An ensemble of 20 lowest energy NMR structures (PDB UGN). (B) Ribbon 
representation of P ABC-Paip2 complex. Alpha helices are shown in red and labeled al 
through a5. The peptide, shown in cyan, binds as a pair of ~-tums where its N-terminal 
region interacts between a3 and a5 and C-terminal end with the loop, a2, and a3 ofhP ABC. 
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Figure A1.2: Enlarged views ofPABC-PAM-2 peptide interactions. Helices a2, a3 and 
a5 of P ABC (in green) are labeled. Sequence of P AM-2 peptide is shown on top of 
figures. hP ABC residues are labeled in red. (A) The intra-molecular K35-E42 salt bridge 
in unbound PABC is replaced by (B) two intermolecular salt bridges L35-E9 and E42-K8 
in the P ABC complex. (C) The N-terminal L3 from P AM-2 is inserted in the 
hydrophobie pocket formed by L40, V62 and A65 of P ABC. (D) The aromatic residue 
Ft 0 from the peptide inserts into the hydrophobie pocket between helices a2 and a3 and 
stacks with F22 ofPABC. 
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peptide bound fonn in comparison with the free fonn (RMSD between free and in 
complex is 1.4 A). It was previously suggested that the first helix may play a role in 
ligand recognition or confer stability to the domain upon peptide binding [157, 214]. 
However, according to the comp1ex structure, the first helix is not involved in ligand 
recognition. Hence to understand the function of the first helix, a mutant of the human 
P ABC domain lacking the N-tenninal helix was made. An isotopically labeled sample 
showed complete signal dispersion in a lSN_IH HSQC spectra (Figure Al.3) indicating 
that the fold of the protein is not compromised in the absence of a 1. In addition, similar 
calorimetrie patterns and virtually identical binding affinities are observed when 
comparing wild-type and mutant fonns (Figure A1.3). This suggests that the first helix is 
dispensable as it does not play a significant role in stabilizing the protein or increasing its 
affinity for the ligand. 
A1.3 Boundary of the PAM-2 motif 
Previous studies suggested that the P AM -2 motif consisted of 10-12 residues and is 
sufficient to bind the P ABC domain. To detennine the exact boundaries of the peptide 
binding site, fragments of Paip2 (residues 106-127) and Paip1 (residues 126-144) were 
c1oned, expressed and prepared as a lSN-isotopically labeled sample for NMR. The 
boundaries of the regions of the Paip 1 and Paip2 peptides that interact with P ABC were 
confinned by lSN)H Heteronuclear NOE experiments (Figure Al.4). Relative to 
previously defined motifs, the chemical shift and hNOE results demonstrate that up to 
five additional residues located at the C-tenninus of the sequence are immobilized on the 
P ABC domain. In comparison to the previously identified residues that precede this 
segment, the C-tenninal region shows no conservation among known P ABC ligands. 
Al.4 Identification of peptide residues critical for P ABC binding 
A series of Paip2 derived mutants was created to dissect the relative contributions of the 
most conserved residues to binding affinity (Figure A1.5). The mutant L3A showed one 
108 
(A) 
« 
0 
c 
~ G: 
. 
0 ~ 
" 0 
<),O(} 
~ 
co 
<J 
::L 
• (B) 0 
" " " 
a . 
. 
Q . 0 0 . . 
" (0' e 0. oP. 0 \\,,0 . a .ooe 
<) . .. 
• .. .. 
" 
c 
" 
0 .. 0' 0 0° . .. ~ • . • .,. 
" 
... Q • 
, 
. 
Ci cP: ~ . a "1> . '!> .0 . 
D 0, à ;01,) 0 {J o· tl' 0 0° QG 0' 
C 0. 4'.@ • ~ $1 ,,00 Il.$ .. 
• (1 0 ~ .. .O' 0;, 
• "~6 .. . 0 
" " 
" 0° 0 0 .. 
" 0 ,," .. 
. • « 
• ,0 
. 
.. 
• 
8JlO 7,00 9,00 8,00 1,00 
'H(ppm) 
(C) Tlme(min) 
0.00 33.3 66.7 100 133.3166.7200.0233.3 
0,0 
-0,2 
.(JA 
-().6 
-o,s 
-1.0 
-1 ,2-l-T~-,-.--.-.,-..,-~,-.-_._,...-j 
° 
0,0 0,5 1.0 1,5 2,0 2,5 3,0 
Mola' Ratio 
(D) 
0,1 
0,0 
-0.1 
-0,2 
3l .(J,3 
l ~~:: 
.(J,6 
-0.7 
Time (min) 
0.00 33.3 66.7 100 133.3166.7200.0233.3 
.(J,a -l-T-.,-----r-..--,-~,---.-_._,...-j 
0,0 0,5 1.0 1.5 2,0 2,5 3,0 
Mola, Ratio 
103,00 
. 
• 00" 
1"" 
110,00 
" . 
115.00 i 
~ 
z. 
uO.on 
l25.00 
IJO.oo 
Figure A1.3: A comparison ofhPABC and mutant hPABC-~a1. lSN_1H HSQC of (A) 
human P ABC (residues 544-636) and (B) human P ABC al deletion mutant (residues 
554-636). This spectrum shows good signal dispersion indicating that the last four a-
he1ices remained folded. Isothermal titration calorimetry of hP ABC mutant against the 
PAM-2 peptide derived from (C) Paip2 (P1895) and (D) eukaryotic re1ease factor 
(P1911). The top panel for each shows the heat signal for peptide injections into cell 
containing the protein at 30°C (~300/-lM peptide to 30/-lM protein for each sample). The 
bottom panel shows a best-fit curve of the integrated heat of each injection. Assuming a 
1:1 binding mode1, the KI calculated was 0.38 /-lM and 4.3 /-lM for Paip2 and RF3 
respectively. Both values are essentially identical to the wild type hP ABC binding 
affinities. 
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Figure A1.4: Boundary of the PAM-2 site in Paipl and Paip2. 15N_1H Heteronuclear 
NOE analysis of labeled (A) Paip2 and (B) Paip 1 when bound to unlabeled human 
P ABC. Positive signaIs indicate reduced mobility reflecting binding of individual 
residues to the PABC domain. (C) Definition of P AM-2 based on residues with positive 
hNOEs from above. Conserved residues are shown in black. 
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of the most drastic changes in binding, a decrease of ~ 1400 fold. This is not surprising 
since Leu-3 binds in the hydrophobic pocket between helices a3 and aS ofP ABC, and is 
largely responsible for N-terminal binding of the peptide. The introduction of a more 
bulky leucine residue at position 7 (A7L) also displayed a relatively large effect, 
decreasing the affinity by 85 fold. The alanine substitutions at Pro-S, Lys-8 and Glu-9 
had small effects on binding affinity in comparison to the wild-type peptide. The largest 
effect was measured with the F10A mutant where no binding could be detected. This 
reinforces that the aromatic-stacking interaction between Phe 10 of P AM2 and Phe22 of 
the P ABC domain is the single most important factor contributing to peptide binding. 
Another Paip2 derived series of peptides probed the N- and C- terminal limits of the 
PAM-2 motif. The fulliength peptide (P1895) and an N-terminal truncation (P1894) had 
essentially identical binding affinities, suggesting that the PAM-2 motif starts at Ser-l. 
Despite the lack of sequence conservation within Paip1, Paip2, and RF3, removal of the 
seven residues following Pro-12 (P 1894A) decreased the binding affinity 18-fold. 
Deletion of two additional residues, Val-Il and Pro-I2 (P 1894), lowered the affinity by 
another 85-fold. These results were confirmed by the PI2A mutant which dropped the 
affinity by 24-fold. Taken together with the complex, the function ofPro-I2 is likely to 
direct the C-terminal PAM-2 residues into the binding groove between helices a2 and a3 
of P ABC via formation of the second p-tum. The size of the peptide determined to be 
essential for binding by mutagenesis studies is in excellent agreement with the NMR 
hNOE results. Overall the PAM-2 motif can be defined as a 12-15 residue motif with 
variations ofthe XX-LNPNAEFVP-XXXX sequence. 
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Figure A1.5: BIACORE studies of peptide binding to human P ABC. Sequence 
alignment and dissociation constants (KI, /lM) of peptides tested for P ABC binding. 
Conserved residues are underlined and in bold are the alanine substitutions. Last column 
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